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This DOE Good Practices Program Guide is approved for use by all Departments and Contractors of 
the U.S. Department of Energy responsible for the criticality safety of fissionable materials. 

It is DOE policy to use National and International Consensus Standards (e.g., ANSI/ANS Standards, 
IS0 Standards, ECS Standards) when such standards are available to meet DOE needs. This DOE 
Good Practices Program Guide is a comprehensive guidance document to assist in developing a 
criticality safety program to implement the DOE Order (or Rule) on nuclear criticality safety, and the 
invoked ANSVANS standards, through use of good practices. Its comprehensiveness precludes its 
full applicability to all sets of conditions, since a good practice for one set of conditions may be an 
unnecessary, or a poor, practice for a similar, but not identical, set of conditions. 

DOE Good Practices Guides generally should not be used to develop audit check-lists. This DOE 
Good Practices Guide is not a requirements document and shall not be used as an auditing 
standard. It is intended only to provide guidance. Requirements for DOE nuclear criticality safety 
programs are found in higher level documents, e.g., Policy, Rule, Order, and Manual. These 
documents, e.g., the Order or the Manual, may invoke National and International Consensus 
Standards. Use of the word “shall” in this DOE Good Practices Guide is only to try to maintain 
consistency with higher level documents. 

This DOE Good Practices Guide was developed, over a nine-year period, by Calvin Hopper of the 
Oak Ridge National Laboratory under contract to the U.S. DOE, with the consensus of a 
representative work group of DOE Headquarters personnel and DOE site, i.e., laboratory and 
contractor, personnel. This development included 15 revisions, partly based on a general review 
and on 6 meetings with the work group. Additional major editorial revision was provided by James 
Mincey of the Oak Ridge National Laboratory. 

Because the work performed at the different DOE sites is diverse (viz., hands-on unshielded 
fissionable material operations at some sites and remote shielded operations at other sites), this 
DOE Good Practices Guide is diverse. Hence, it is comprehensive and covers most of the areas of 
responsibility pertaining to conducting a nuclear criticality safety program. To this end, information 
in this document has been gathered eclectically, therefore it is inappropriate to use this document 
in its entirety for any one site or for any single application. Its intent, therefore, is to present a 
comprehensive text of good practices for nuclear criticality safety, and to depend on good 
judgment in both engineering and management to be the principal determinant for applicability of 
these good practices. While even a comprehensive text of good practices cannot address every 
need, it can serve as a source of ideas to address differing needs as they arise. 

Beneficial comments (recommendations, additions, deletions) and any pertinent data that may be of 
use in improving this document should be addressed to Burton M. Rothleder (project manager for 
this document). Mr. Rothleder can be reached at 301-903-3726, fax 301-903-6172, or email 
burton.rothleder@hq.doe.gov. 
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1. SCOPE. The SCOPE applies to the entire document. 

1 .l SCOPE. This DOE Good Practices Program Guide illustrates and suggests practices and 
procedures for conducting a nuclear criticality safety (NC% program at U.S. Department of Energy 
(DOE) nonreactor nuclear facilities having significant quantities of fissionable materials. These DOE 
practices and procedures are relevant to NCS program administration and oversight, NCS personnel 
selection and training, performance of NCS evaluations and analyses, emergency response, and 
programmatic control of processes, storage, procedures, hardware, and software. Throughout the 
text of this document, the term “fissionable material,” used for concision, refers to the term that is 
specifically relevant to criticality safety concern, “significant quantity of fissionable material.” 

1.2 APPLICATION. This DOE Good Practices Program Guide applies to government contractors 
operating DOE nonreactor nuclear facilities having significant quantities of fissionable materials 
(unirradiated and irradiated) in process, storage, or transport outside a nuclear reactor core. This 
application extends to processing and burying of fissionable material wastes and handling or 
processing and storing of reactor fuel in storage pools. 

1.3 STRATEGY AND INTENT. It is DOE policy to use National and International Consensus 
Standards (e.g., ANSVANS Standards, IS0 Standards, ECS Standards) when such standards are 
available to meet DOE needs. This DOE Good Practices Program Guide is a comprehensive 
guidance document to assist in developing a criticality safety program to implement the DOE Order 
(or Rule) on nuclear criticality safety, and the invoked ANSI/ANS standards, through use of good 
practices. Its comprehensiveness precludes its full applicability to all sets of conditions, since a 
good practice for one set of conditions could be an unnecessary, or a poor, practice for a similar, 
but not identical, set of conditions. 

DOE Good Practices Guides generally should not be used to develop audit check-lists. This Good 
Practices Program Guide is not a requirements document and s-not be used as an auditing 
document. This Good Practices Program Guide s&alJ not be incorporated in a Contract. It is 
intended only to provide guidance, but to meet this intention nuclear criticality safety professionals 
are expected to be familiar with its content. Requirements for DOE nuclear criticality safety 
programs are found in higher level documents, e.g., Policy, Rule, Order, and Manual. These 
documents, e.g., the Order or the Manual, may invoke National and International Consensus 
Standards. Use of the word “shall” (i.e., as the statement of a requirement) in this Good Practices 
Program Guide is only to try to maintain consistency with its direct and implicit use in higher level 
documents and &aJl not be used to impose requirements beyond those in higher level documents, 
except for use of the term “u in this paragraph. Therefore, no additional requirements, i.e., 
requirements that cannot be found in higher level documents, &aJl be imposed by users of this 
document. 

Because the work performed at the different DOE sites is diverse (viz., hands-on unshielded 
fissionable material operations at some sites and remote shielded operations at other sites), this 
Good Practices Program Guide, being relevant to such work, is also diverse. Hence, it is 
comprehensive and covers most of the areas of responsibility pertaining to conducting a nuclear 
criticality safety program. To this end, information in this document has been gathered eclectically; 
therefore it is inappropriate to use this document in its entirety either for any one site or for any 
single application. Its intent, therefore, is to present a comprehensive text of good practices for 
nuclear criticality safety, and to depend on good judgment in both engineering and management to 
be the principal determinant for applicability of these good practices. While even a comprehensive 
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text of good practices cannot address every need, it can serve as a source of ideas to address 
differing needs as they arise. 

Imbalance of detail is an expected characteristic of a comprehensive document that draws 
eclectically from diverse sources. In this Good Practices Program Guide, such imbalance, while 
present, is manifest by too much detail in some areas rather than too little detail in any one area. 
As a fault, therefore, it is one of form rather than content, and a conservative fault, at that. 

1.4 DOCUMENT REFERENCES. Some DOE documents (e.g., DOE Orders) referenced in this Good 
Practices Program Guide may have been revised or canceled by the time of issuance. Citation of 
references in this Good Practices Program Guide is intended to identify information that is relevant 
to this Good Practices Program Guide whether such information is found in the reference or in its 
revision or replacement. 

1.5 ANSVANS Series-8 Standards. The basic elements and control parameters of programs for 
nuclear criticality safety at DOE must meet the requirements of specified ANSVANS Series-8 
standards. Therefore, in the interest of clarity, familiar phraseology directly from these standards is 
sometimes used in this Good Practices Program Guide. Where such phraseology is used without 
attribution, failure to attribute is unintentional. 

1.6 MAINTENANCE. The Good Practices Program Guide represents the desire of the DOE 
criticality safety community to have available a written account of the good practices of the various 
members of the criticality safety community so that all may be able to profit from the experiences 
of each, as applicable, hence from which practices may be culled that can be used in specific 
circumstances in the spirit of DNFSB Recommendation 95-2. Maintenance actions that are needed 
to keep the Guide current must be undertaken judiciously so that a contemporaneously valid 
version of the Guide is always available to the criticality safety community. Since criticality safety 
is a continuously evolving activity, the Guide cannot include recent events, especially since time- 
consuming consensus reviews are necessary for each new draft, with revision reviews that would 
encompass several drafts estimated to take at least two years. The Guide is published here as 
Revision 0, with revisions to follow in subsequent years reflecting user experience and new 
initiatives. 

Among the new initiatives that affect criticality safety that will appear in Revision 1 are those 
included in Board Recommendations 95-2 and 97-2. The former affects criticality in general 
through its intention of achieving integrated treatment of safety management. The latter affects 
criticality in particular through the initiatives of bounding experiments and analyses; organization of 
experiment and calculation records; techniques for interpolation, extrapolation, and determination of 
area of applicability; use of simplified methods of analysis where applicable and defensible; and 
assignment of criticality safety as a staff function assisting line management. When Revision 1 is 
issued to include the effects of these, and perhaps other, initiatives, yet newer initiatives can be 
expected to have been only recently in place in readiness for Revision 2. 

Another aspect of document maintenance to be considered is the updating of references and the 
updating of terminology relevant to ancillary subject matter (e.g., relevant to packaging and to 
transportation). Updating that is deemed nonessential for Revision 0 will be reserved for inclusion 
in Revision 1. 
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2. APPLICABLE DOCUMENTS 

2.1 DOE DOCUMENTS. Information from the following DOE Orders, Standards, and Guides was 
used in the development of this Guide. Certain Orders have now been superseded by new Orders 
or have been canceled. These Orders are designated by phraseology using the terms superseded or 
canceled. 

2.1 .I DOE 1300.2A. DEPARTMENT OF ENERGY TECHNICAL STANDARDS PROGRAM, of 5-l 9- 
92, provides requirements for the development and application of technical standards in 
Department of Energy facilities, programs, and projects. 

2.1.2 DOE 1324.2A. RECORDS DISPOSITION, of 9-l 3-88, contains procedures for the retention 
and disposition of records. Canceled by DOE 0 200.1, INFORMATION MANAGEMENT PROGRAM, 
of g-30-96. 

2.1.3 DOE 5000.3B. OCCURRENCE REPORTING AND PROCESSING OF OPERATIONS 
INFORMATION, of l-l 9-93, establishes a system for reporting unusual occurrences having 
programmatic significance. Canceled by DOE 0 232.1, OCCURRENCE REPORTING AND 
PROCESSING OF OPERATIONS INFORMATION, of 9-25-95. 

2.1.4 DOE 5480.3. SAFETY REQUIREMENTS FOR THE PACKAGING AND TRANSPORTATION OF 
HAZARDOUS MATERIALS, HAZARDOUS SUBSTANCES, AND HAZARDOUS WASTES, of 7-9-85, 
describes the requirements for packaging and transportation of hazardous materials, hazardous 
substances, and hazardous wastes. Canceled by DOE 0 460.1A, PACKAGING AND 
TRANSPORTATION SAFETY, of 1 O-2-96. 

2.1.5 DOE 5480.4. ENVIRONMENTAL PROTECTION, SAFETY, AND HEALTH PROTECTION 
STANDARDS, of 5-15-84, specifies the application of mandatory ES&H standards to DOE 
operations. Portions canceled by DOE 0 440.1, WORKER PROTECTION MANAGEMENT FOR DOE 
FEDERAL AND CONTRACTOR EMPLOYEES, of g-30-95. 

2.1.6 DOE 5480.11. RADIATION PROTECTION FOR OCCUPATIONAL WORKERS, of 12-21-88, 
provides radiation protection standards and program requirements for operations with respect to 
the protection of the worker from ionizing radiation. Canceled by 10 CFR 835. 

2.1.7 DOE 5480.188. NUCLEAR FACILITY ACCREDITATION TRAINING PROGRAM, of 8-31-94, 
institutionalizes a performance-based training process for DOE Category A reactors and high-hazard 
and selected moderate-hazard non-reactor nuclear facilities. Canceled 12-20-96. 

2.1.8 DOE 5480.19. CONDUCT OF OPERATIONS REQUIREMENTS FOR DOE FACILITIES, of 
7-g-90, which establishes requirements dealing with the conduct of operations for DOE operators. 

2.1.9 DOE 5480.2044. PERSONNEL SELECTION, QUALIFICATION, TRAINING, AND STAFFING 
REQUIREMENTS AT DOE REACTOR AND NON-REACTOR NUCLEAR FACILITIES, of 2-20-91, 
describes the requirements for personnel involved in the operation, maintenance, and technical 
support of DOE-owned Category A and B reactors and non-reactor nuclear facilities. 

2.1 .I0 DOE 5480.21. UNREVIEWED SAFETY QUESTIONS, of 12-24-91, establishes the means 
by which Unreviewed Safety Questions (USQsI are identified and the means of resolution of USQs. 
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2.1 .I 1 DOE 5480.22. TECHNICAL SAFETY REQUIREMENTS, of 2-25-92, establishes DOE’s 
nuclear facility technical safety requirements. 

2.1.12 DOE 5480.23. NUCLEAR SAFETY ANALYSIS REPORTS, of 4-10-92, which establishes 
uniform requirements for the preparation and review of safety analyses. 

2.1 .I3 DOE 420.1. FACILITY SAFETY, Section 4.3, Nuclear Criticality Safety, of 10-13-95, 
establishes DOE’s nonreactor nuclear facility nuclear criticality safety program. 

2.1 .I4 DOE 5484.1. ENVIRONMENTAL PROTECTION, SAFETY, AND HEALTH PROTECTION 
INFORMATION REPORTING REQUIREMENTS, of 2-24-81, establishes the requirements and 
procedures for reporting and investigating matters of significance for the protection of environment, 
safety, and health at DOE operations. Canceled by DOE 0 231 .I, ENVIRONMENT, SAFETY, AND 
HEALTH REPORTING, of g-30-95, and by DOE 0 225.1, ACCIDENT INVESTIGATIONS, of 9-29- 
95. 

2.1.15 DOE 5500.2B. EMERGENCY CATEGORIES, CLASSES, AND NOTIFICATION AND 
REPORTING REQUIREMENTS, of 4-30-91, establishes requirements for the coordination and 
direction of planning, preparedness, and response to operational emergencies. Canceled by DOE 0 
151 .I, COMPREHENSIVE EMERGENCY MANAGEMENT SYSTEM, of 9-25-95. 

2.1 .I6 DOE 5500.3A. PLANNING AND PREPAREDNESS FOR OPERATIONAL EMERGENCIES, of 
4-30-91, which establishes requirements for the development of site-specific emergency plans and 
procedures at nuclear facilities. Canceled by DOE 0 151 .l, COMPREHENSIVE EMERGENCY 
MANAGEMENT SYSTEM, of 9-25-95. 

2.1.17 DOE 5700.66. QUALITY ASSURANCE, of 8-21-91, describes DOE’s quality assurance 
program requirements for DOE and non-nuclear facility contractors. (See also 10 CFR 830.120, 
QUALITY ASSURANCE). Canceled by DOE 0 414.1, QUALITY ASSURANCE, of 1 l-24-98. 

2.1.18 DOE 6430.lA. GENERAL DESIGN CRITERIA, of 04-6-89, contains the criteria for the 
design and construction of DOE facilities. (See also DOE 0 430.1, LIFE CYCLE ASSET 
MANAGEMENT, of 2-28-97.) 

2.1 .I 9 DOE-STD-3007-93. GUIDELINES FOR PREPARING CRITICALITY SAFETY EVALUATIONS 
AT DEPARTMENT OF ENERGY NON-REACTOR NUCLEAR FACILITIES, of December 1993, contains 
guidelines that should be followed when preparing Criticality Safety Evaluations that will be used to 
demonstrate the safety of operations performed at Department of Energy (DOE) Non-Reactor 
Nuclear Facilities. 

2.1.20 DOE-STD-3013-94. CRITERIA FOR SAFE STORAGE OF PLUTONIUM METALS AND 
OXIDES, of December 1994 provides for safe storage (for at least 50 years or until final 
disposition) of plutonium metals, selected alloys, and stabilized oxides that contain a minimum of 
50 weight-percent plutonium. 

2.1.21 DOE/TIC-l 1603-REV. 1. NONREACTOR NUCLEAR FACILITIES: STANDARDS AND 
CRITERIA GUIDE, of September 1986, is a source document that identifies standards, codes, and 
guides that address nuclear safety considerations at nuclear facilities. 
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2.2 OTHER FEDERAL DOCUMENTS. Information from the following other Federal documents was 
used in the development of this Guide. 

2.2.1 Code of Federal Regulations (CFR). 

2.2.1.1 Title 10, Part 70 of the CFR. Domestic Licensing of Special Nuclear Material establishes 
the procedures and criteria for the issuance of licenses to receive title to, own, acquire, deliver, 
receive, possess, use, and initially transfer special nuclear materials. 

2.2.1.2 Title 10, Part 71 of the CFR. Packaging and Transportation of Radioactive Material 
establishes the requirements for obtaining Nuclear Regulatory Commission (NRC) approval of 
packaging and shipment of licensed material. 

2.2.1.3 Title 10, Part 830 of the CFR. Nuclear Safety Management establishes requirements for 
preventing the uncontrolled release of radioactivity to the environment, inadvertent criticality, 
limiting and monitoring facility staff exposure to radiation and radioactivity, and protecting the 
public from exposure to radiation and radioactive contamination. 

2.2.2 Nuclear Regulatory Commission (NRC) Documents. Information from the following NRC 
Regulatory Guides and NUREGs was used in the development of this Guide. 

2.2.2.1 NRC Regulatory Guide 3.1. Use of Borosilicate-Glass Raschig Rings as a Neutron 
Absorber in Solutions of Fissile Material describes a method of using borosilicate-glass Raschig 
rings as a neutron absorber for criticality safety control in plants processing special nuclear 
materials. 

2.2.2.2 NRC Regulatory Guide 3.4. Nuclear Criticality Safety in Operations with Fissionable 
Materials Outside Reactors describes acceptable procedures for the prevention of criticality 
accidents in the handling, storing, processing, and transporting of fissionable materials outside of 
nuclear reactors. 

2.2.2.3 NRC Regulatory Guide 3.34. Assumptions Used for Evaluating the Potential Radiological 
Consequences of Accidental Nuclear Criticality in a Uranium Fuel Fabrication Plant describes 
methods used for performing analyses to assess the risk to public health and safety resulting from 
postulated nuclear criticality accidents in uranium fuel fabrication and processing plants. 

2.2.2.4 NRC Regulatory Guide 3.35. Assumptions Used for Evaluating the Potential Radiological 
Consequences of Accidental Nuclear Criticality in a Plutonium Processing and Fuel Fabrication Plani 
describes methods used for performing analyses to assess the risk to public health and safety 
resulting from postulated nuclear criticality accidents in plutonium processing and fuel fabrication 
plants. 

2.2.2.5 NRC Regulatory Guide 3.68. Nuclear Criticality Safety Training provides guidance on an 
appropriate nuclear criticality safety training program for the use of special nuclear material for 
license applicants and operations staff. It is not adequate for training for the nuclear criticality 
staff. 

2.2.2.6 NRC Regulatory Guide 8.12. Criticality Accident Alarm Systems describes the 
specifications for use of criticality alarms where there is a potential hazard to workers from nuclear 
criticality accidents. 
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2.2.2.7 NUREGIBR-0167. Software Quality Assurance Program and Guidelines, using industry 
standards, provides guidance in the development and maintenance of software. 

2.2.2.8 NUREGICR-1278, SAND80-0200,RX,AN. Handbook of Human Reliability Analysis with 
Emphasis on Nuclear Power Plant Applications provides some useful information for the 
performance of human reliability analyses. 

2.2.2.9 NUREGICR-4639, EEG-2458. Nuclear Computerized Library for Assessing Reactor 
Reliability (NUCLARR): Summary Description provides some useful human reliability data for the 
performance of human reliability analyses, primarily plant-specific reactor data from public domain 
sources. 

2.3 NON-GOVERNMENT DOCUMENTS. 

2.3.1 American National Standards Institute (ANSI). 

2.3.1.1 ANSIIANS-8. l-l 998. Nuclear Criticality Safety in Operations with Fissionable Materials 
Outside Reactors provides basic criteria and limits for operations with fissionable materials outside 
reactors except for critical experiments. The standard also provides requirements for establishing 
the validity and areas of applicability of any calculational method used in assessing nuclear 
criticality safety. 

2.3.1.2 ANSIIANS-8.3-1997. Criticality Accident Alarm System provides the performance criteria 
for detecting nuclear criticality accidents. 

2.3.1.3 ANSIIANS-8.5-1996. Use of Borosilicate-Glass Raschig Rings as a Neutron Absorber in 
Solutions of Fissile Material describes the chemical and physical environment for usage, properties 
of the rings and packed vessels, maintenance inspection procedures, and criticality operating limits 
for solution systems containing *W, 23gPu, or 233U. 

2.3.1.4 ANSIIANS-8.6-1983,R95. Safety in Conducting Subcritical Neutron-Multiplication 
Measurements in Situ provides safety guidance for conducting subcritical neutron-multiplication 
measurements where physical protection of personnel against the consequences of a criticality 
accident is not provided. 

2.3.1.5 ANSIIANS-8.7-1998. Guide for Nuclear Criticality Safety in the Storage of Fissile 
Materials provides mass and spacing limits for the storage of uranium containing greater than 30 
wt % 235U, for 233U, and for plutonium as metals and oxides. 

2.3.1.6 ANSIIANS-8.9-1987,R95. Nuclear Criticality Safety Criteria for Steel-Pipe Intersections 
Containing Aqueous Solutions of Fissile Materials provides criteria and data based on experiments 
and calculations applicable to homogeneous aqueous solutions. 

2.3.1.7 ANSIIANS-8.1 O-l 983,R88. Criteria for Nuclear Criticality Safety Controls in Operations 
with Shielding and Confinement provides criteria for the prevention of nuclear accidents in facilities 
with shielding and confinement and a definition of the adequacy of the shielding and confinement 
required. 
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2.3.1.8 ANSIIANS-8.12-1987,R93. Nuclear Criticality Control and Safety of Plutonium-Uranium 
Fuel Mixtures Outside Reactors provides single parameter limits for fissionable units of simple 
shape containing the three principal fissile nuclides. 

2.3.1.9 ANSIIANS-8.15-1981 ,R95. Nuclear Criticality Control of Special Actinide Elements 
provides single parameter limits for maintaining nuclear criticality safety of special actinide 
elements. 

2.3.1.10 ANSUANS-8.17-1984,R97. Criticality Safety Criteria for the Handling, Storage, and 
Transportation of LWR Fuel Outside Reactors addresses LWR fuel rods and units outside reactor 
cores. 

2.3.1 .l 1 ANSUANS-8.1 g-1996. Administrative Practices for Nuclear Criticality Safety provides 
criteria for the administration of a nuclear criticality safety program for operations outside of 
reactors in which there exists a potential for criticality accidents. 

2.3.1.12 ANSIIANS-8.20-1991. Nuclear Criticality Safety Training provides criteria for the 
administration of a nuclear criticality safety training program for personnel who manage, work in, or 
work near facilities where the potential exists for a criticality accident outside of reactors, though it 
does not apply to the training of nuclear criticality safety staff. 

2.3.1 .I 3 ANSIIANS-8.21-1995. Use of Fixed Neutron Absorbers in Nuclear Facilities Outside 
Reactors provides guidance for using fixed neutron absorbers integrally in nuclear facilities and 
fissionable material process equipment outside reactors to provide criticality safety control. 

2.3.1.14 ANSIIANS-8.22-1997. Nuclear Criticality Safety Based on Limiting and Controlling 
Moderators provides guidance for criticality safety by the limitation and control of moderators in the 
range from no moderation to optimum moderation for fissile materials. 

2.3.1 .15 ANSIIANS-8.23-1997. Nuclear Criticality Accident Emergency Planning and Response 
provides guidance for minimizing risks to personnel during emergency response to a nuclear 
criticality accident outside reactors. 

2.3.1 .I 6 ANSIIANS-10.3-1986. Guidelines for the Documentation of Digital Computer Programs 
presents guidelines for the documentation of digital computer programs prepared for scientific and 
engineering applications with the objective to facilitate effective selection, usage, transfer, 
conversion, and modification of computer programs. 

2.3.1 .17 ANSIIANS-10.4-1987. Guidelines for the Verification and Validation of Scientific and 
Engineering Computer Programs for the Nuclear Industry provides guidelines for the verification and 
validation (V&V) of scientific and engineering computer programs developed for use by the nuclear 
industry with the objective to identify activities that will improve the reliability of scientific and 
engineering computer programs and reduce the risk of incorrect application. 

2.3.1 .I 8 ANSI/IEEE-Std-500-1984. IEEE Guide to the Collection and Presentation of Electrical, 
Electronic, Sensing Component, and Mechanical Equipment Reliability Data for Nuclear-Power 
Generating Stations provides data useful for performing equipment reliability analyses. 
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2.3.2 Industry Related Reference Documents. 

2.3.2.1 ANS-9, GLOSSARY of Terms in Nuclear Science and Technology, American Nuclear 
Society Standards Subcommittee ANS-9 on Nuclear Terminology and Units, Harry Alter, Chairman, 
La Grange Park, Illinois, 1986. 

2.3.2.2 LA-l 1627-MS, GLOSSARY of Nuclear Criticality Terms, Hugh C. Paxton, Los Alamos 
National Laboratory, Los Alamos, New Mexico, October 1989. 

2.3.2.3 PNL-SA-4868, Rev. 5, Anomalies of Nuclear Criticality, E. D. Clayton, Pacific Northwest 
Laboratory, Richland, Washington, June 1979, provides discussions and explanations of deviations 
from commonly accepted rules of criticality behavior. 

2.3.2.4 LA-3366 (Rev), Criticality Controlin Operations with Fissile Material, H. C. Paxton, Los 
Alamos Scientific Laboratory, Los Alamos, New Mexico, November 1972, provides criticality data 
and makes them understandable in terms of simple reactor physics concepts to help develop 
intuition for conditions to be avoided during operations. 

2.3.2.5 NUREG-0492, Fault Tree Handbook, U.S. Nuclear Regulatory Commission, January 1981, 
is a textbook on the fault tree technique for acquiring information about a system. 

2.3.2.6 DOE/NCT--04, A Review of Criticality Accidents, William R. Stratton (revised by David R. 
Smith), Los Alamos National Laboratory, Los Alamos, New Mexico, March 1989, provides 
discussions of forty-one criticality accidents and the characteristics of their prompt power 
excursions. 

2.3.2.7 Criticality and Fissionability Properties of Selected Actinide Nuclides, N. L. Pruvost, E. D. 
Clayton, and C. T. Rombough, Los Alamos National Laboratory, Los Alamos, New Mexico, to be 
issued, provides information concerning the nuclear properties of selected nuclides of the first ten 
of the fourteen actinide elements -- thorium through einsteinium. 

2.3.2.8 LA-10860-MS, Criticality Dimensions of Systems Containing 235U, 239Pu, and 2331J, 1986 
Revision, H. C. Paxton and N. L. Pruvost, Los Alamos National Laboratory, Los Alamos, New 
Mexico, July 1987, provides a compilation of critical data obtained from experiments performed 
during the period of 1945 through 1985, supplementing TID-7016 (paragraph 2.3.2.9 of this 
Guide). 

2.3.2.9 TID-7016, Rev. 3, and LA-1 2808, Nuclear Criticality Safety Guide, Los Alamos National 
Laboratory, Los Alamos, New Mexico, September 1996, provides general guidance information 
related to nuclear criticality safety principles, experience, and practice. 

LA-2063 (1956), and TID-7016 (1957), and TID-7016, Rev. 1 (I 961), and TID-7016, Rev. 2 
(1978), Nuclear Safety Guide, Los Alamos National Laboratory, Los Alamos, New Mexico, 
October 1996, have been reissued under a single cover as historical documents. 

2.3.2.10 NUREGICR-6504, Vols. 1 and 2 (and ORNLITM-13322/Vl, V2), An Updated Nuclear 
Criticality Slide Rule, Oak Ridge National Laboratory, Oak Ridge, Tennessee, April 1997 (Vol. 1) 
and April 1998 (Vol. 2). 
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2.3.2.1 1 NEA/NSC/DOC(95)03/l-VII, International Handbook of Evaluated Criticality Safety 
Benchmark Experiments, Organization for Economic Cooperation and Development, Nuclear Energy 
Agency, Nuclear Science Committee, Paris, September 1998 (or most recent version). 

2.3.3 Journal Articles, and Meetings and Conference Proceedings. 

A bibliography of technical journal articles and of technical meeting and conference proceedings 
relevant to nuclear criticality safety can be found in Appendix G. 
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3. TERMS AND DEFINITIONS. The following provides terms and definitions used within this 
Guide. The word shall is used to denote a requirement, the word should to denote a 
recommendation, often of a higher level document, and the word may to denote permission, 
neither a requirement nor a recommendation, except when used in its other context, meaning 
contingency, i.e., possibility. A more general understanding of the roles of requirements and 
recommendations in this Guide can be obtained from paragraph 1.3, Section 5.2, and Appendix A. 
Phrases or words that are italicized are defined or listed elsewhere in the terms and definitions of 
this section. 

3.1 ABSORBER, NEUTRON - A material with which neutrons significantly interact by reactions, 
resulting in their disappearance as free particles. 

3.2 ABSORPTION, NEUTRON - A neutron-induced reaction, including fission, in which the neutron 
disappears as a free particle. The absorption cross section is designated a,. See capture, neutron; 
cross set tion, neutron . 

3.3 ACCIDENT, CREDIBLE - Those accidents with an estimated probability of occurrence 
> 1 Oe6/year. 

3.4 ACCIDENT, CRITICALITY (also NUCLEAR CRITICALITY ACCIDENT) - The release of energy as 
a result of accidentally producing a self-sustaining or divergent fission chain reaction. 

3.5 ACCIDENT, DESIGN BASIS (DBA) - Accidents that are postulated for the purpose of 
establishing functional requirements for safety significant structures, systems, components, and 
equipment. 

3.6 ALARM SYSTEM, CRITICALITY ACCIDENT (CAS) - A system capable of providing an 
immediate emergency evacuation alarm signal (usually audible but may be visible) after detecting 
(usually by the detection of gamma or neutron radiation, or both) a criticality accident. 

3.7 ALBEDO, NEUTRON - The probability under specified conditions that a neutron entering into a 
region through a surface will return through that surface. 

3.8 ALPHA PARTICLE - A 4He nucleus, usually emitted during a nuclear transformation. 

3.9 ANALYSIS, NUCLEAR CRITICALITY SAFETY - The work products that contribute to the 
development of a nuclear criticality safety evaluation. In general, it is the technological term of art, 
“analysis,” specifically applied to nuclear criticality safety. 

3.10 AREA, ARCHIVE STORAGE - An area in a computer system’s storage that contains copies of 
source and executable code for superseded versions of the software and the master copy of the 
source and the current executable version. 

3.11 AREA, DEVELOPMENT STORAGE - An area in computer storage in which software is stored 
during development without the possibility of inadvertent production use. Upon completion of the 
software change, the software is transferred to the Migration Area. Access to this area is limited 
to that necessary for development. The Development Storage Area resides in the individual 
developer’s computer space. 



DOE G 421.1-l 11 
8-25-99 

3.12 AREA, MIGRATION STORAGE - An area in computer storage in which software verification 
tests are performed in a simulated production environment. Upon completion of the verification 
testing and with the approval of the Software System team, the software is transferred to the 
Production Storage Area. Access to the Migration Storage Area is limited to that necessary for 
testing. 

3.13 AREA, PRODUCTION STORAGE - An area in a computer storage from which the software is 
invoked by authorized software users. Only the current version of the software will be in the 
Production Storage Area, and only the system administrator and a designated back-up will have 
write access to this area if proper software quality assurance procedures are followed. 

3.14 AREAL DENSITY - The total mass of fissionable material per unit area projected 
perpendicularly onto a plane. For an infinite, uniform slab, it is the product of the slab thickness 
and the concentration of fissionable material within the slab. 

3.15 AREAS OF APPLICABILITY - The ranges of material compositions, geometric arrangements 
and other factors within which the bias and its corresponding uncertainty of a calculational method 
are established. 

3.16 BARN - A unit of area used in expressing nuclear cross sections; 1 barn = 10z4 cm2. 

3.17 Be/X - Conventionally, the atomic ratio of beryllium to 236U, 23gPu, or 233U in a solution or 
mixture. Where there is more than one fissile species, the ratios are specified separately. 

3.18 BETA PARTICLE - An electron, of either negative or positive charge, that has been emitted 
by an atomic nucleus or neutron in a nuclear transformation. 

3.19 BIAS, CALCULATIONAL - A measure of the systematic disagreement between the results 
calculated by a method and experimental data. The uncertainty in the bias is a measure of both 
the precision of the calculations and the accuracy of the experimental data. See DOE Order 420.1, 
Section 4.3. 

3.20 BIRDCAGE - A container and attached cage-like structure for maintaining a safe distance 
between a body of fissionable material and other objects (including other bodies of fissionable 
materian, which, if brought too close, might give rise to criticality. 

3.21 BUCKLING - The eigenvalue of the Helmholtz equation (either B,’ or B,‘). Algebraic 
expressions can be used to relate material (Bm2) or geometric (B,‘) characteristics of critical, 
subcritical, or supercritical fissionable material systems. 

3.22 BURST, PROMPT - Usually refers to the pulse or spike of energy from fissions produced by a 
prompt burst reactor. 

3.23 C/X - Conventionally, the atomic ratio of carbon to 235U, 23gPu, or 233U in a solution or 
mixture. Where there is more than one fissile species, the ratios are specified separately. 

3.24 CALCULATIONAL METHOD - The mathematical equations, approximations, assumptions, 
associated numerical parameters, such as neutron cross sections, and calculational procedures that 
yield the calculated results. 
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3.25 CAPTURE, NEUTRON - Neutron absorption not leading to fission or other neutron production. 
The capture cross section is designated 0,. See absorption, neutron; cross section, neutron. 

3.26 CENT - A unit of reactivity equal to one-hundredth of the increment between delayed 
criticality and prompt criticality (a dollar). 

3.27 CERTIFICATION - The process by which contractor nuclear facility management provides 
written endorsement of the satisfactory achievement of qualification of a person for a position. 

3.28 CHAIN REACTION, NUCLEAR FISSION - A sequence of nuclear fission reactions in which the 
fissions are induced by neutrons emerging from preceding fissions. Depending on whether the 
number of fissions directly induced by neutrons from one fission is on the average less than, equal 
to, or greater than unity, the nuclear fission chain reaction is convergent (subcritical), self- 
sustaining (critical), or divergent (supercritical). 

3.29 CODE, EXECUTABLE - The machine-language program that is the output after translation 
(compiling) and linking of the source code. 

3.30 CODE, SOURCE - The original mnemonic or high-level statement versions of a program. The 
starting information or “source” from which the final “object” (machine language or executable 
code) is derived. 

3.31 CONFIGURATION CONTROL TEST - Periodic testing of the production version of software to 
determine if unauthorized changes have occurred. 

3.32 CONFIRMATION - The performance of audits, inspections, surveillance activities, and other 
assessments of compliance with regulatory or nuclear criticality safety program requirements, 
analysis/evaluation requirements, and other requirements. 

3.33 CONSERVATISM - Simplifying approximations and assumptions in safety analyses and 
evaluations and their applications that increase the safety margin above the required minimum. 

3.34 CONTAINER - See packaging. 

3.35 CONTINGENCY - A credible but unlikely change in a condition/control important to the 
nuclear criticality safety of a fissionable material operation that would, if it occurred, reduce the 
number of barriers (either administrative or physical) that are intended to prevent a nuclear 
criticality accident. 

3.36 CONTROL AREA, FISSIONABLE MATERIAL (FMCA) - Fissionable material operating or 
storage areas where physical and procedural controls are applied to maintain nuclear criticality 
safety. 

3.37 CONTROL - The apparatus, processes, and mechanisms that, when manipulated, could affect 
the chemical, physical, metallurgical, or any other process of the nonreactor nuclear facility in such 
a manner as to affect nuclear criticality safety. 

3.38 CONTROLLED DOCUMENT - A document whose content is maintained uniform by an 
administrative control system. 
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3.39 CONTROLS, ACTIVE-ENGINEERED - Those active means for ensuring nuclear criticality 
safety control methods. These means of control include active electrical, mechanical, and 
hydraulic hardware that sense a process variable important to nuclear criticality safety and provide 
automatic action to secure the system to a safe condition without requiring human intervention. 

3.40 CONTROLS, ADMINISTRATIVE - Those administrative means for assuring nuclear criticality 
safety control methods. These means of control include organization and management, 
procedures, record keeping, assessment, and reporting necessary to ensure the nuclear criticality 
safety of a nonreactor nuclear facility. 

3.41 CONTROLS, PASSIVE-ENGINEERED - Those means for ensuring nuclear criticality safety 
control methods that do not require human intervention or electrical or mechanical reaction to off- 
specification conditions. These means of control take advantage of natural forces, such as gravity, 
physical chemistry limitations, and inherent physical characteristics, such as rigidity and structural 
integrity of cylindrical geometries, and limited compressibility of solids. These means of control 
include devices to prevent unsafe accumulations of fissionable material within a unit such as siphon 
breaks, filters, and pipe blanks between process vessels and spacing devices such as birdcages, 
racks, and stanchions between containers as well as fixed neutron poisons within vessels such as 
Raschig rings or between containers. 

3.42 CORE - That part of a fissionable material system containing most or all of the fissionable 
material, as distinguished from a reflector. 

3.43 CREDIBILITY - See credible. 

3.44 CREDIBLE - Offering reasonable grounds for being believed on the basis of commonly 
accepted engineering judgment. 

3.45 CRITICAL - Fulfilling the condition that a medium capable of sustaining a nuclear fission chain 
reaction has an effective multiplication factor, k,, equal to unity. (A nuclear reactor is critical 
when the rate of neutron production, excluding neutron sources whose strengths are not a function 
of fission rate, is equal to the rate of neutron loss.) 

3.46 CRITICAL INFINITE CYLINDER - For a specified fissionable material and surrounding reflector, 
the infinitely long cylinder with a diameter that would be critical. 

3.47 CRITICAL INFINITE SLAB - For a specified fissionable material and reflector on each surface, 
the slab of infinite lateral dimensions with a thickness that would be critical. 

3.48 CRITICALITY ACCIDENT SCENARIO, POTENTIAL - A credible sequence of events that could 
lead to a criticality accident, which starts with an initiating event, such as a process upset, valving 
error, pluggage of a line, and/or operator error, followed by events involving failure or loss of 
criticality safety control (preventive) measures. Each potential criticality accident scenario 
represents a single path of events leading to a criticality accident, and all scenarios together 
encompass the total probability of criticality accident thereby permitting the evaluation of total risk 
in the facility. 

3.49 CRITICALITY SAFETY, NUCLEAR (NCSI - Protection against the consequences of an 
inadvertent nuclear fission chain reaction, preferably by preventing the reaction. 
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3.50 CRITICALITY - The condition of being critical. 

3.51 CROSS SECTION (01, NEUTRON MICROSCOPIC - A measure of the probability of a specified 
interaction between an incident neutron and a target particle or system of particles. It has the 
dimension of area and may be visualized as the area normal to the direction of an incident particle, 
which has to be attributed to the target particle to account geometrically for its interaction with the 
incident particle. It is commonly expressed in barns. Such cross sections include but are not 
limited to neutron capture (cJ,), fission (a,), neutron scatter (a,), and neutron absorption ((5,). 

3.52 CROSS SECTION (I:), NEUTRON MACROSCOPIC - For a pure nuclide, it is the product of the 
neutron microscopic cross section for a particular reaction and the number of target nuclei per unit 
volume, giving it units of inverse length; for a mixture of nuclides, it is the sum of such products. 

3.53 D/X - Conventionally, the atomic ratio of deuterium to 235U, 23gPu, or 233U in a solution or 
mixture. Where there is more than one fissile species, the ratios are specified separately. 

3.54 DECAY, RADIOACTIVE - A spontaneous nuclear transformation in which particles or gamma 
radiation is emitted, in which x-radiation is emitted following orbital electron capture, or in which 
the nucleus undergoes spontaneous fission. 

3.55 DELAYED CRITICALITY - State of a fissionable material system such that the multiplication 
factor, ke,,, equals 1 as the steady-state condition. 

3.56 DELAYED NEUTRONS - Neutrons emitted when the beta-decay of a fission product leads to a 
sufficiently highly excited state in the daughter nucleus that neutron emission is energetically 
possible. The time delay, relative to emission of prompt neutrons, is from somewhat less than 1 
second to about 60 seconds. 

3.57 DESIGN FEATURES - Active or passive features that are necessary to prevent, or reduce the 
probability of, a criticality accident. 

3.58 DETECTION SYSTEM, CRITICALITY ACCIDENT (CDS) - A criticality accident detection 
system (usually gamma or neutron, radiation detection, or both) without an immediate emergency 
evacuation alarm, the purpose of which is to provide sufficient response time to allow for 
appropriate process-related mitigation, recovery actions, and possible delayed evacuation alarm if 
radiation exposures could be effectively limited by such actions. 

3.59 DOABLE - A doable condition or instruction is one that is capable of being obeyed or 
performed, respectively. That is, a fissionable material operation, storage, or transport condition, 
limit, specification, instruction, etc. that can be measured or evaluated, and proper responses taken 
to obey the condition or properly perform the instruction. 

3.60 DOLLAR - A unit of reactivity equal to the increment between delayed criticality and prompt 
criticality for a fixed chain reacting system. 

3.61 DOSE, PROMPT - The total neutron and gamma dose imparted from the first burst resulting 
from a criticality accident. 

3.62 DOUBLE-CONTINGENCY ANALYSIS - A double-contingency analysis is an analysis of 
potential criticality accident scenarios for the purpose of demonstrating compliance with the 
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double-contingency principle (application) by identifying appropriate barriers and means of control 
(see paragraph 5.6.1). This is typically an element of a Nuclear Criticality Safety Evaluation. 

3.63 DOUBLE-CONTINGENCY PRINCIPLE (APPLICATION) - Process designs shall incorporate 
sufficient factors of safety to require at least two unlikely, independent, and concurrent changes in 
process conditions before a criticality accident is possible. Protection shall be provided by either (i) 
the control of at least two independent process parameters -- which is the approach that is 
completely consistent with the Double Contingency Principle as stated in ANSIIANS-8.1-1998 and 
which, when practical, is the approach preferred by DOE to be taken to prevent common-mode 
failure, or (ii) a system of multiple controls on a single process [nuclear] parameter, which shall be 
the alternative approach to be taken only when the preferred approach is shown to be impractical. 
The number of controls required upon a single controlled process parameter shall be based upon 
control reliability and any features that mitigate the consequences of control failure. In all cases, 
no single credible event or failure shall result in the potential for a criticality accident, except where 
single contingency operations are permissible, as presented in paragraph 5.1 of ANSIIANS-8.10- 
1983,R88. This exception applies to operations with shielding and confinement (e.g., hot cells or 
other shielded facilities). Double contingency shall be demonstrated by documented evaluations. 

3.64 EVALUATION, NUCLEAR CRITICALITY SAFETY (NCSE) - A documented process that 
demonstrates, by establishing and providing subcritical operating values, the nuclear criticality 
safety of any part of, or process in, a nonreactor nuclear facility that contains fissionable material. 
The evaluation provides sufficient descriptions of the facility equipment, fissionable material 
processes, and operational controls to identify the normal and contingent abnormal operating 
conditions of the facility. The evaluation contains the technical computational or comparative 
nuclear criticality safety analysis information that provides the bases of subcritical operating values 
for the normal and abnormal (contingent) conditions of facility operations or processes. Guidelines 
for preparing NCSEs are discussed in DOE-STD-3007-93 (paragraph 2.1.19 of this Guide). 

3.65 EVENT, ANTICIPATED - Events with an estimated probability of occurrence between l/year 
and 10m2/year. These events are of moderate frequency and may occur once or more during the 
lifetime of a facility. 

3.66 EVENT, CREDIBLE - Events with an estimated probability of occurrence greater than 
1 Oes/year. 

3.67 EVENT, EXTREMELY UNLIKELY - Events with an estimated probability of occurrence 
between 1 Om4/year and 1 O-‘/year. These events are not expected to occur in the lifetime of a 
facility. 

3.68 EVENT, INCREDIBLE - Events with an estimated probability of occurrence less than 10V6/year. 
These events are considered to be of extremely low probability of occurrence or non-mechanistic 
hypothetical events. 

3.69 EVENT, UNLIKELY - Events with an estimated probability of occurrence between 102/year 
and 10e4/year. These events are not expected but may occur during the lifetime of a facility. 

3.70 EXCURSION, NUCLEAR - An episode during which the fission rate of a supercritical system 
increases, peaks, and then decreases to a low value. Also, see accident, criticality. 
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3.71 EXCURSION PERIOD (T) - The reciprocal coefficient of time (t), where fission power in a 
nuclear excursion increases as e rtm before a quenching mechanism becomes effective. 

3.72 EXCURSION, PROMPT POWER - A nuclear excursion as the result of configuring fissionable 
material to achieve prompt criticality. In general, a sharp power spike followed by a plateau that 
may be interrupted by smaller spikes. 

3.73 EXERCISE, TABLE-TOP - An event in which re-entry, rescue, etc. actions are simulated that 
test the emergency management’s capability to cope with a nuclear criticality accident. 

3.74 EXPONENTIAL COLUMN - A subcritical block or cylinder of fissionable material with an 
independent neutron source at one end. Under appropriate conditions, the response of a neutron 
detector decreases exponentially with distance from the source. From the logarithmic rate of this 
decrease and lateral dimensions of the column, critical dimensions of an unreflected assembly of 
the material may be deduced. 

3.75 EXPOSURE - A measure of the ionization produced in air by x-rays or gamma radiation; the 
sum of electric charges on all ions of one sign in a small volume of air when all electrons liberated 
by photons are completely stopped, per unit mass of the air. Note that exposure refers to the 
environment, not absorbing material. The unit of exposure is the roentgen. Alternatively, exposure 
is the incidence of radiation on living or inanimate material. 

3.76 FACILITY, NONREACTOR NUCLEAR - An operational area (e.g., building, holding, storage, or 
disposal area) dedicated to activities or operations (handling, storing, or transporting) that involve 
radioactive or fissionable materials, or both, in such form and quantity that a nuclear hazard 
potentially exists to the employees or the general public. Included are activities or operations that 

1. produce, process, or store radioactive liquid or solid waste, fissionable materials, or 
tritium; 

2. conduct separations operations; 
3. conduct irradiated and/or fissionable materials inspection, fuel fabrication, 

decontamination, or recovery operations; 
4. conduct fuel enrichment operations; or 
5. perform environmental remediation or waste management activities involving radioactive 

materials. 

Incidental use and generation of radioactive materials in a facility operation (e.g., check and 
calibration sources, use of radioactive sources in research and experimental and analytical 
laboratory activities, electron microscopes, and x-ray machines) would not ordinarily require the 
facility to be included in this definition. Accelerators and reactors and their operations are not 
included. 

3.77 FAVORABLE GEOMETRY - Geometric constraint of fissionable material in which subcriticality 
is maintained under anticipated conditions. Examples are limited diameter of pipes intended to 
contain fissile solution, or limited volumes of solution containers. 

3.78 FISSIBLE NUCLIDE - A nuclide that cannot sustain a nuclear fission chain reaction with slow 
neutrons but is only capable of sustaining a nuclear fission chain reaction by interaction with fast 
neutrons, provided the effective fast neutron production cross section (V&I exceeds the effective 
fast neutron absorption cross section C&J. Such nuclides include 231Pa, 234U, 237Np, 238Pu, 240Pu, 
242Pu, 241Am, 243Am 244Cm, 24BCm, 260Cf, and 252Cf. I 
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3.79 FISSILE NUCLIDE - A nuclide capable of sustaining a fission chain reaction by interaction 
with slow neutrons, provided the effective neutron production cross section 66,) exceeds the 
effective absorption cross section C&I. Such nuclides include 232U, 233U, 235U, 23gPu, 241Pu, 242mAm, 
243Cm, 245Cm, 247Cm, 24gCf, “‘Cf, and 264E~. 

3.80 FISSION, NUCLEAR - The division of a heavy nucleus into two (or, rarely, more) parts with 
masses of equal order of magnitude, usually accompanied by the emission of neutrons, gamma 
radiation, and, rarely, small charged nuclear fragments. Although some fissions take place 
spontaneously, neutron-induced fissions are of major interest in criticality safety. The neutron 
fission cross section is designated u,, and v is the number of neutrons emitted per fission. 

3.81 FISSION PRODUCTS - Nuclides produced by nuclear fission or by the subsequent radioactive 
decay of nuclides formed in this manner. 

3.82 FISSION, SPONTANEOUS - Nuclear fission that occurs without the addition of particles or 
energy to the nucleus. 

3.83 FISSION YIELD, EXCURSION - The total number of fissions in a nuclear excursion. 

3.84 FISSIONABLE EQUIVALENT MASS (FEM) - That gram mass of a fissionable material having 
the same mass ratio to its minimum critical mass as that mass ratio of a different fissionable 
material gram mass to its minimum critical mass. For example, given materials x and y having 
minimum critical masses of mcX and mcy, the FEM mass of x, mx, is directly proportional to the 
grams of y, m,, times the minimum critical mass of material x divided by the minimum critical mass 
of material y (i.e., m, = [m, l m,,l/m,,). The FEM enables comparison of a quantity of one 
fissionable nuclide to a quantity of a second, or reference, fissionable nuclide based on their 
minimum subcritical mass limits. If more than one nuclide is present, their FEMs (in terms of the 
reference) can be summed. 

3.85 FISSIONABLE MATERIAL - A material of any nuclides capable of sustaining a nuclear fission 
chain reaction. For nuclear criticality safety purposes, such materials are composed of fissionable 
nuclides but may include nonfissionable nuclides. Such material may be fissionable material only 
by virtue of its form, configuration, and environment. That is: natural uranium as mined, 
processed, and transported in bulk form is not fissionable material; however, natural uranium as 
fabricated into reactor fuel element pellets or rods may be considered as fissionable material if 
handled in a processing or operating environment where the pellets or rods could be adequately 
moderated to create a critical system. This definition is intended strictly for this Guide. 

3.86 FISSIONABLE MATERIAL HANDLER - An individual officially designated by installation 
management to manipulate or handle significant quantities of fissionable materials, or manipulate 
the controls of equipment used to produce, process, transfer, store, or package significant 
quantities of such fissionable materials. 

3.87 FISSIONABLE NUCLIDE - Any nuclide capable of undergoing neutron induced fission. For 
nuclear criticality safety purposes, such nuclides include the fissie or fissible nuclides but may also 
include nuclides such as 227A~, “*Th, 22gTh, 230Th, 232Th, 233Pa, 236U, 238U, and 23gNp. 

3.88 GAMMA RADIATION - Short-wavelength electromagnetic radiation emitted in the process of 
nuclear transition or particle annihilation. 
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3.89 GEOMETRY CONTROL - Physically controlling the shape, dimensions, and configuration of 
fissionable material or of equipment containing fissionable material to maintain such systems safely 
subcritical. 

3.90 GRADED APPROACH - A process of performing a nuclear criticality safety evaluation that 
acknowledges different levels of effort and documentation are appropriate for different complexities 
of fissionable material operations and the associated methods and controls applied to maintain 
subcriticality and safety. 

3.91 GRAY - A unit of absorbed dose; 1 Gy = I J/kg = 100 fad. 

3.92 GUIDES, PROTECTIVE ACTION (PAGs) - The projected radiological doses or dose 
commitment values to individuals in the general population that warrant protective action following 
a release of radioactive material. Protective actions would be warranted provided the reduction in 
individual dose expected to be achieved by carrying out the protective action is not offset by 
excessive risks to individual safety in taking the protective action. The PAG does not include the 
dose that has unavoidably occurred prior to the assessment. 

3.93 H/X - Conventionally, the atomic ratio of hydrogen to 235U, 23gPu, or 233U in a solution or 
hydrogenous mixture. Where there is more than one fissie species, the ratios are specified 
separately. 

3.94 HAZARD - A source of danger (i.e., material, energy source, or operation) with the potential 
to cause illness, injury, or death to personnel or damage to a facility or to the environment (without 
regard for the likelihood or credibility of accident scenarios or consequence mitigation). “Potentially 
hazardous” is redundant. Note that a hazardous facility is not necessarily a high-risk facility. 

3.95 HIGH ENRICHED URANIUM (HEU) - Uranium having isotopic contents of 235U or 233U greater 
than or equal to 20 weight percent. HEU generally refers to 93 weight percent 235U. 

3.96 INCIDENT, NUCLEAR CRITICALITY SAFETY - A change in process condition or a loss of 
control beyond the evaluated process variances of the nuclear criticality safety analysis. 

3.97 INHOUR - A unit of reactivity that, when added to a delayed-critical system, would produce a 
period of one hour; now seldom used. 

3.98 INSTALLATION, NONREACTOR NUCLEAR - A contractor-operated DOE site comprising one 
or more nonreactor nuclear facilities. 

3.99 IONIZING RADIATION - Any radiation consisting of directly or indirectly ionizing particles, 
photons, or a mixture or both. X-rays and the radiations emitted in radioactive decay are examples. 

3.100 IRRADIATION - Exposure to ionizing radiation. 

3.101 k,- See MULTIPLICATION FACTOR, EFFECTIVE. 

3.102 k, - See MULTIPLICATION FACTOR, INFINITE. 
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3.103 LIMIT, UPPER SUBCRITICAL IUSL) - The limiting value of system reactivity beyond which 
subcriticality cannot be ensured (e.g., k,,,). The upper subcritical limit only allows for uncertainties 
in the calculations and experimental data used in its derivation. 

3.104 LINEAR ENERGY TRANSFER (LET) - The average energy lost by an ionizing radiation per 
unit distance of its travel in a medium. A high LET is generally associated with protons, alpha 
particles, and neutrons, whereas a low LET is associated with x-rays, electrons, and gamma rays. 

3.105 LOW ENRICHED URANIUM (LEU) - Uranium having isotopic contents of 235U or 233U 
less than 20 weight percent. LEU generally refers to ~5 weight percent 235U. 

3.106 MAINFRAME COMPUTER - For purposes of this procedure, a computer in which file control 
is achieved by access rules within the operating system rather than by physical control of storage 
media. 

3.107 MANAGEMENT, LINE/PRODUCTION - The organizational unit that accepts the direct 
responsibility for, and exercises authority over, the application of nuclear safety to their operations. 

3.108 MANAGER, FACILITY OPERATIONS - The person whose facility warrants nuclear criticality 
safety consideration and controls, and who should, therefore, accept responsibility for the day-to- 
day nuclear criticality safety of his/her facility. 

3.109 MANAGER, FUNCTIONAL SYSTEM - The person appointed to represent specific Nuclear 
Criticality Safety Departments in the development and implementation of software configuration 
control plans for defined software system(s). 

3.110 MODEL - A representation of the actual physical parameters used in a calculation. 

3.111 MODERATOR - A material which will reduce neutron energy by scattering neutrons without 
appreciable neutron capture. 

3.112 MULTIPLICATION FACTOR, EFFECTIVE (k,,) - Physically, the ratio of the total number of 
neutrons produced during a time interval (excluding neutrons produced by sources whose strengths 
are not a function of fission rate) to the total number of neutrons lost by absorption and leakage 
during the same interval. Mathematically (computationally), that eigenvalue number (Lagrange 
multiplier if defined as production-to-loss ratio) which, when divided into the actual mean number 
of neutrons emitted per fission in an assembly of materials, would make the calculated result for 
the nuclear chain reaction of that assembly artificially critical. 

3.113 MULTIPLICATION FACTOR, INFINITE (k ,I - The k,, of an infinite uniform medium. 

3.114 NEUTRON - An elementary particle having no electric charge, a rest mass of 1.67495 x 
102’ kg, and an average lifetime of 1000 s. 

3.115 NEUTRON, EPITHERMAL - Neutron of kinetic energy greater than that of thermal agitation, 
often restricted to energies comparable to those of chemical bonds. 

3.116 NEUTRON, FAST - Neutron of kinetic energy greater than 0.1 MeV but not more than a 
typical Maxwellian distribution with an average energy of about 1.9 MeV. 
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3.117 NEUTRON, INTERMEDIATE - Neutron of kinetic energy equal to or greater than 0.1 eV and 
equal to or less than 0.1 MeV. 

3.118 NEUTRON, SLOW - Neutron of kinetic energy less than about 0.1 eV. 

3.119 NEUTRON, THERMAL - Neutrons in thermal equilibrium with the medium in which they 
exist. At room temperature the mean energy of thermal neutrons is about 0.025 eV. 

3.120 NONFAVORABLE GEOMETRY - See favorable geometry. 

3.121 NONFISSILE FISSIONABLE MATERIAL (see FISSIBLE) - Any composition of nuclides capable, 
of maintaining a nuclear fission chain reaction with fast neutrons only, provided the effective 
neutron production cross section (ijo,) exceeds the effective absorption cross section (a,) of the 
composition. 

3.122 NONFISSIONABLE MATERIAL - Any composition of nuclides incapable of maintaining a 
nuclear fission chain reaction with neutrons of any energy whereby the effective neutron 
production cross section (!o,) is less than the effective absorption cross section (0,) of the 
composition. This definition is intended strictly for this Guide. 

3.123 NUCLEAR CRITICALITY ACCIDENT, PERCEIVED - Any presumed nuclear criticality accident 
as inferred from the observance of physical phenomena (e.g., temperature rises, over-pressures, or 
others) or the activation of alarm systems indicative of a criticality accident (examples that might 
be included are CAS, continuous air monitors, and area radiation monitors). 

3.124 NUCLIDE - A species of atom characterized by its mass number, atomic number, and 
nuclear energy state. 

3.125 OPERATION, FISSIONABLE MATERIAL - An operation using a significant quantity of 
fissionable material. An operation includes handling, storage, processing, and transportation. 

3.126 PACKAGE - The packaging together with its fissionable material contents as presented for 
movement or storage. 

3.127 PACKAGING - The assembly of components necessary to ensure compliance with 
specifications for safe containment, storage, and handling of fissionable materials. It may consist 
of one or more receptacles, absorbent materials, spacing structures, thermal insulation, radiation 
shielding, vehicle, tie-down systems, auxiliary equipment, and devices for cooling or absorbing 
mechanical shocks. 

3.128 PARAMETER, NUCLEAR - Any physical property whose value affects the nuclear reactivity 
of a system. Nuclear parameters include the mass, density, and isotopic enrichment of fissionable 
material; the geometry, reflection, and interaction conditions of the system; and the moderation, 
composition, and neutron absorption characteristics of the fissionable material mixture and other 
system materials. 

3.129 PARAMETER, PROCESS - Operating or processing variables directly or indirectly affecting 
nuclear parameters of fissionable materials. Such process parameters may include temperatures, 
pressures, flow rates, viscosity, elapsed times, heights, rotational velocities, electrical resistivity, 
electrical potential, electrical currents, pH, color, opacity, etc. 
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3.130 PEER - An individual who performs peer reviews (e.g., a Criticality Safety Organization 
member), who has at least equivalent qualifications and standing compared to, and who is 
independent of, one or more other individuals who perform specific original work. Independent, in 
this case, means not involved in the performance of the specific original work to be reviewed, to 
the extent practical, not the immediate supervisor of individuals who performed specific original 
work to be reviewed, and to the extent practical, having sufficient freedom from funding 
considerations to ensure that the work is impartially reviewed. 

3.131 PEER REVIEW - A review process for appraising and reporting the acceptability of 
independent and original specific work of others. 

3.132 POISON, NEUTRON - A nonfissionable neutron absorber, generally used for criticality 
control. 

3.133 PROMPT BURST REACTOR - A device for producing nondestructive super-prompt-critical 
nuclear excursions. 

3.134 PROMPT CRITICALITY - State of a fissionable material system such that the prompt- 
neutron contribution to k,,, equals unity. 

3.135 PROMPT NEUTRONS - Neutrons emitted immediately during the fission process. 

3.136 PROTON - A stable elementary particle having a positive charge of 1.60219 x lo”’ 
coulomb and a rest mass of 1.67265 x 10e2’ kg. 

3.137 QUALITY FACTOR (QF) - The ratio of dose equivalent to absorbed dose. 

3.138 QUENCHING MECHANISM - A physical process that limits an excursion spike. Examples 
are thermal expansion and microbubble formation in a solution. 

3.139 RAD - A unit of radiation absorbed dose; 1 rad = 10M2 J/kg = 10m2 Gy of the medium. 

3.140 RADIATION - In context of criticality safety, alpha particles, beta particles, neutrons, 
gamma rays, and combinations thereof. 

3.141 RADIATION MONITOR - A detector to measure the level of ionizing radiation. A purpose 
may be to give information about dose or dose rate. 

3.142 REACTIVITY - A parameter of a fissionable system that is proportional to 1 - l/k,,. Thus, it 
is zero if the system is critical, positive if the system is supercritical, or negative if the system is 
subcritical (see effective multiplication factor, k,,J. 

3.143 REACTOR, NUCLEAR - A device in which a self-sustaining nuclear fission chain reaction can 
be maintained and controlled (fission “reactor,” “pile,” or “core”). 

3.144 RECOVERY - Proposed, evaluated, analyzed, and implemented ameliorative or corrective 
actions to restore an intended degree of criticality safety. 

3.145 REFLECTOR - Material outside a fissionable material system capable of scattering back to 
the system some neutrons that would otherwise escape. 
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3.146 REFLECTOR SAVINGS - The absolute difference between a dimension of the reflected core 
of a critical system and the corresponding dimension of a similar core that would be critical if no 
reflector were present. 

3.147 REFLECTOR, SUPERNORMAL - Any material or combination of materials that offers greater 
neutron reflector effectiveness than an essentially infinite thickness of water (e.g., about 20 cm of 
water). 

3.148 RELATIVE BIOLOGICAL EFFECTIVENESS (RBE) - A factor used to compare the biological 
effectiveness of absorbed radiation doses (i.e., rads or grays) because of different types of ionizing 
radiation; more specifically, it is the experimentally determined ratio of an absorbed dose of a 
radiation in question to the absorbed dose of a reference radiation required to produce an identical 
biological effect in a particular experimental organism or tissue. This term is used only in 
radiobiology, not instead of quality factor in radiation protection. 

3.149 REM - A unit of dose equivalent (Roentgen Equivalent Man), replaced by the sievert. The 
sievert, however, has not appeared in the criticality accident literature. The dose equivalent in 
rems is numerically equal to the absorbed dose in rads multiplied by the quality factor, and any 
other necessary modifying factor. 

3.150 RISK - The quantitative or qualitative expression of possible loss, usually expressed in 
dollars or fatalities per year or facility lifetime, that considers both the probability that a hazard will 
cause harm and the consequences of that event. Not to be confused with hazard. 

3.151 ROENTGEN (RI - A unit of exposure; 1 R = 2.58 x 10m4 C/kg in air, where C is coulombs. 
Strictly, the roentgen applies to x-rays or gamma radiation. 

3.152 SAFETY BASIS - The combination of information relating to the control of hazards at a 
nuclear facility (including design, engineering analyses, and administrative controls), which 
demonstrates that the facility can be operated safely. 

3.153 SHUTDOWN MECHANISM - See quenching mechanism. 

3.154 SIEVERT (Sv) - A unit of dose equivalent; 1 Sv = 1 J/kg = 100 rem. 

3.155 SIGNIFICANT QUANTITY - The minimum quantity of fissionable material for which control 
is required to maintain subcriticality under all normal and credible abnormal conditions. 

3.156 SITE - See installation, nonreactor nuclear. 

3.157 SOFTWARE CATALOG - A list of all software units in operation in a stated software system 
used for nuclear criticality safety evaluations. It identifies each software unit and states the 
version approved for use as of a stated date (ordinarily, the date of issue of the catalog). The 
access control and the scope of the software catalog are determined by the software system team. 

3.158 SOFTWARE CONFIGURATION CONTROL - The systematic evaluation, coordination, 
modification, verification, implementation, and documentation of software. 
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3.159 SOFTWARE DEVELOPER(S) - The individual(s) responsible for the actual design or 
modification, or both, of the software. 

3.160 SOFTWARE REQUESTOR - The organization for which software is developed and which is 
responsible for the software requirements definition. 

3.161 SOFTWARE SYSTEM - A group of related programs and data which act in concert toward a 
particular purpose, has a common developing organization, and is suitable for a single set of control 
mechanisms. 

3.162 SOFTWARE SYSTEM TEAM - The persons responsible for the software configuration 
control. 

3.163 SOFTWARE - The instructions that determine and define the operation of an electronic 
computer or computer system. 

3.164 SOFTWARE USER - An organization or person who uses the software. 

3.165 SPECIALIST, COGNIZANT NUCLEAR CRITICALITY SAFETY - The qualified nuclear criticality 
safety specialist who is knowledgeable of specific facility operations, processes, and equipment, 
and who is assigned by installation management to manage, or to provide directly, nuclear 
criticality safety analyses, computations, evaluations, reviews, or audits of designs and operations 
for a specified nonreactor nuclear facility. 

3.166 SPECIALIST, NUCLEAR CRITICALITY SAFETY (NCSS) - A professional person who is 
knowledgeable of nuclear criticality safety issues relevant to facility operations, processes, and 
equipment, and who is assigned by installation management to provide nuclear criticality safety 
analyses, computations, evaluations, reviews, or audits of designs and operations for nonreactor 
nuclear facilities. 

3.167 SPIKE (IN A PROMPT-POWER EXCURSION) - The initial power pulse of a prompt-power 
excursion, limited by the shutdown mechanism. 

3.168 STORAGE (Also “External storage”) - A portion of a computer system where software and 
data are stored. Typically, storage is on magnetic disks, but other media may be used where 
appropriate. Storage may be on-line or off-line (external) to the computer operating system. 

3.169 SUBCRITICAL - See nuclear fission chain reaction. 

3.170 SUPERCRITICAL - See nuclear fission chain reaction. 

3.171 SYSTEM ADMINISTRATOR - An individual responsible for the control of software for a 
defined software system, including issuance, revision, documentation, and archiving. 

3.172 UNCERTAINTY - Lack of absolute precision, accuracy, or sureness of actions characteristic 
of measurements of data, approximations of results, or execution of procedures. 

3.173 URANIUM ENRICHMENT (ENRICHMENT) - The weight percentage of 23sU in uranium, 
provided that percentage exceeds its natural value; if the reference is to enhanced 233U content, 
“233U enrichment” should be specified. 
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3.174 VALIDATION, CALCULATIONAL METHOD - The establishment of the bias and calculational 
uncertainty in the results produced by the combination of the computer software, computer 
hardware, the data libraries, such as neutron cross sections, and the modeling method employed. 
The bias is established by correlating the results of criticality experiments with results obtained for 
these same systems by the method being validated. Commonly the correlation is expressed in 
terms of the values of k, calculated for the experimental systems, in which case the bias is the 
deviation of the calculated values of k,, from the experimentally determined value. However, other 
parameters may be used. The bias serves to normalize a method over its areas of applicability so 
that it will predict critical conditions within the limits of the uncertainty in the bias. Generally, 
neither the bias nor its uncertainty is constant; both should be expected to be functions of 
composition and other variables. NOTE: Validation is not a required part of a verification test. 

3.175 VERIFICATION, SOFTWARE CONFIGURATION CONTROL - The periodic execution of 
software to determine if unauthorized and undocumented changes thereto have been made. 

3.176 VERIFICATION TEST - The testing of new or revised software stored in the migration 
storage area before the software is transferred into the production storage area. It is coordinated 
by the software system team assisted by the developer and others as required to test the unit 
integration, qualification, and acceptance of the software. The extent of the verification test is 
determined by the software system team based on the magnitude of the change and the 
consequences of a software failure in service. 

3.177 X-RAY - Electromagnetic radiation of wavelength in the range lo”’ cm to lo-* cm emitted 
from outside the nucleus. 



DOE G 421.1-I 25 
8-25-99 

4. GENERAL GUIDANCE. The DOE Good Practices Program Guide establishes DOE nuclear 
criticality safety interpretation and guidance to assist in implementation of nuclear criticality safety 
(NCS) across the DOE complex. This document is not intended to contain an exhaustive 
compilation of nuclear criticality safety guidance for every situation. However, the document is 
intended to provide examples for the development of nuclear criticality safety procedures and 
manuals for DOE contractors. The choice to implement any part of this document is the 
responsibility of DOE contractor design, operating, technical support, and oversight organizational 
units, as applicable. The user of this document is expected to follow the precepts and conform to 
the requirements stated in paragraph 1.3. 

4.1 APPLICABILITY. Applicability of this Good Practices Program Guide spans design, 
construction, operation, maintenance, and decommissioning of covered facilities. It is recognized 
that the design and as-built configuration of some existing facilities do not meet all of the good 
practices contained in this document because they were built prior to the development of certain 
DOE Orders. Where practicable, currently existing operations, systems, and facilities should be 
upgraded considering the guidance provided by this document. The practicability of such upgrades 
should consider the cost versus the benefits. 

4.2 INTERPRETATION OF THE GOOD PRACTICES PROGRAM GUIDE. The Office of Nuclear 
Safety Policy and Standards (USDOE Headquarters Environment, Safety and Health - EH-31) is the 
cognizant organization responsible for the preparation, maintenance, and interpretation of this 
document. 

4.3 MAINTENANCE OF THE GOOD PRACTICES PROGRAM GUIDE. Maintenance and revision of 
this document shall be in accordance with DOE Order 1300.2A, “Department of Energy Standards 
Program .” 

4.4 DOCUMENT ARCHITECTURE. The remainder of the document consists of Detailed Guidance 
and related appendices. 

4.4.1 Topical Structure. The order of presentation of topics proceeds from the general (e.g., 
administrative topics) to the particular (e.g., criticality safety, and other topic details). More 
specifically: Sections 5.1, 5.2, and 5.3 discuss administrative topics relating to management (5.1), 
qualifications (5.2), and criticality safety procedural matters (5.3); Sections 5.4 and 5.5 discuss the 
mitigative topics of alarm systems (5.4) and emergency preparedness (5.5); Sections 5.6, 5.7, 5.8, 
and 5.9 discuss technical topics relevant to prevention of inadvertent criticality, including controls 
(5.6), design and analysis (5.7), computations (5.8), and evaluations (5.9). 

4.4.2 Content Structure. The Detailed Guidance (Section 5) begins with 

Administration (Section 5.1). 

This is followed by 

Personnel Selection, Qualification, Trainina, and Staffing Proaram (Section 5.2), 

serving as a brief introduction to 

Appendix A 
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which bears the same title as Section 5.2 but which contains a detailed discussion of the topic. 

Following this is 

Ooeratinn, Storina, and Transferrinn - Plans, Procedures, Reauirements, and Controls 
(Section 5.3). 

The Detailed Guidance continues with 

Criticality Accident Alarm and Detection Svstems (Section 5.4); 

and this is followed by a brief discussion of the closely related topic 

Emeraencv PreDaredness (Section 5.5). 

The Detailed Guidance continues, more extensively, with 

Nuclear Criticalitv Safetv Control Princioles and Methods (Section 5.61, 

supplemented by 

Appendix B, Graded Aooroach to Nuclear Criticalitv Safetv, 

and this is followed, in an even more extensive form, by 

Nuclear Criticalitv Safetv Desian and Analvsis Guidelines (Section 5.7) 

where 

Appendix C, Estimatina the Waitinn Time Until the Simultaneous Collaose of Two 
Continaencies, 

and 

Appendix D, Examoles of Desian of Nuclear Criticalitv Safetv Controls, 

are referenced for additional details. 

The Detailed Guidance concludes briefly, initially with 

Software Qualitv Assurance and Validation (Section 5.81, 

which references 

Appendix E, Software Confiauration Control Procedure, 

and 

Appendix F, Examole Computational Techniaue Validations, 
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for additional details, and finally with 

Nuclear Criticality Safety Evaluation (NCSE) Guidelines (Section 5.9). 

The entire document concludes with 

Appendix G, Biblioaraphv of Journal Articles and Meetinn and Conference Proceedinas. 

4.4.3 Section and Paragraph Numbering. In this document, those text units that are specifically 
numbered 1, 2, 3, 4, 5, 5.1, 5.2, 5.3, 5.4, 5.5, 5.6, 5.7, 5.8, and 5.9 are called “Sections” 
(capitalized word). All other numbered text units (viz., 2.1.13, 3.1, 5.6.31 are called “paragraphs” 
(uncapitalized word). Either “section” or “paragraph” (uncapitalized words) is used to designate 
any text unit not expressly numbered. 
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5. DETAILED GUIDANCE. 

5.1 ADMINISTRATION. Nuclear criticality safety is administered at contractor installations by 
assigning responsibilities for key nuclear criticality safety requirements and activities. The following 
position titles and organizations are identified for the purpose of describing key position 
responsibilities in the administration of a nuclear criticality safety program at an installation. 

5.1 .I Contractor President/Chief Executive Officer. The Contractor Installation(s) 
Corporation/Company President (CEO), through Installation Manager(s), shall’ accept overall 
responsibility for the installation(s) nuclear criticality safety program in a way that demonstrates a 
continuing interest in safety. This objective should be met by documenting how the following 
elements of the nuclear criticality safety program are met: 

5.1 .l .l Responsibility. Specific responsibilities for the nuclear criticality safety of operations and 
commensurate authority shall be clearly established. The performance of these responsibilities shall 
be reviewed on a periodic basis (noting nuclear criticality safety related occurrences, limit- 
violations, commendable practices, and others), assigning importance to nuclear criticality safety 
commensurate with the other aspects of managementa 

5.1 .1.2 Policy. The corporate/company-level policy for implementing nuclear criticality safety 
requirements shall be made known to all contractor employees involved in operations with 
fissionable material through written company policies.3 

5.1.1.3 Organization. Corporate/company-level organizations shall be established as necessary to 
(1) ensure that supervision is made as responsible for nuclear criticality safety as for production, 
development, research, or other functions, and (2) to ensure that a Criticality Safety Organization, 
staffed with personnel skilled in the interpretation of data pertinent to nuclear criticality and familiar 
with operations, serves as advisors to supervision. The Criticality Safety Organization, to the 
extent practicable, should be administratively independent of process supervision and be assigned 
in a manner compatible with that for other safety disciplinesW4 

5.1 .1.4 Program Oversight. A means to periodically evaluate the effectiveness of the nuclear 
safety program shall be established and corporate/company-level management shall participate in 
that evaluation.5 

An Installation Nuclear Criticality Safety Review Committee (INCSRC), reporting directly to 

‘ANSUANS-8.19-1996, section 4.1. 

*ANSI/ANS-8. l-l 983,R88, section 4.1.1; and ANSVANS-8.19-1996, section 4.3. 

3ANSI/ANS-8.1-1983,R88, section 4.1 .I; and ANSI-8.19-1 996, section 4.2. 

4ANSI/ANS-8.1 -1983,R88, section 4.1 .I ; and ANSUANS-8.19-1996, sections 4.3 and 4.4. 

‘ANSVANS-8.19-1996, sections 4.5 and 4.6. 
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corporate/company-level management, is one means that has been used to satisfy this 
requirement.’ The remainder of this document will assume INCSRCs are the means used to satisfy 
this requirement although there may be other means that are equally acceptable. An INCSRC 
should be responsible for fostering and monitoring nuclear criticality safety to include, in 
accordance with the reference in paragraph 2.1 .17, an assessment of: 

(a) the nonreactor nuclear installation nuclear criticality safety program, 

(b) each nonreactor nuclear facility nuclear criticality safety program, 

(c) each installation nuclear criticality accident emergency preparedness program including 
the nuclear criticality accident alarm systems (CASs) and the nuclear criticality accident 
detection systems (CDSs) for compliance with detection criteria (paragraphs 5.4.1 and 
5.4.21, and configuration control of the systems. 

5.1 .1.5 Corrective actions. Corrective actions resulting from the review process described in 
paragraph 5.1.1.4 should be promptly completed.’ 

5.1 .1.6 Resources. Installation(s) shall have adequate resources to maintain an effective NCS 
program including personnel skilled in the interpretation of data pertinent to NCS and familiar with 
operations to serve as advisors to supervision.* 

5.1 .1.7 Stop Work Policy. Provide corporation/company policy and assignment of “stop work” 
authority to relevant personnel within nonreactor nuclear facility installation staffs.g 

5.1.2 Facility Operations Managers. Facility Operations Managers, whose facilities warrant 
nuclear criticality safety consideration and controls, shall accept responsibility for the day-to-day 
nuclear criticality safety of their facility by addressing the following elements:‘O 

5.1.2.1 CAS Management. For facilities requiring CAS coverage, accept responsibility for, and 
ensure the administration of, a program for CAS management, including CAS availability and alarm 
circuit functioning within established limits; maintain a current copy of the CAS location analysis in 
facility files; and request additional CAS analysis as required by facility and process changes. 

5.1.2.2 Procedures development and maintenance. Accept responsibility for preparation and 
maintenance of procedures (including special procedures as necessary) for facility operation that 
identify nuclear criticality safety steps/controls and drawings identifying equipment important to 

6ANSI/ANS-8.1 9-l 996, section 4.7. 

7ANSI/ANS-8.19-1996, section 4.1; and ANSVANS-8.1-1983,R88, section 4.1.5. 

*ANSI/ANS-8.1-1983,R88, section 4.1.1; and ANSVANS-8.19-1996, sections 4.3 and 4.4. 

9ANSI/ANS-8.1-1 983,R88, section 4.1.5; and ANSVANS-8.19-1996, section 7.7. 

“ANSI/ANS-8.19-1996, section 5. 
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criticality safety, and ensure the use of, and adherence to, such procedures in day-to-day 
operations. 

5.1.2.3 Staff training. Maintain a program of staff training in both the general and facility-specific 
aspects of criticality safety. 

5.1.2.4 Design and procedure reviews. Provide appropriately trained staff to determine when 
procedures (including special procedures), drawings, and design documents require nuclear 
criticality safety review, and ensure that such procedures, drawings, and design documents are 
forwarded to the Criticality Safety Organization for review. 

5.1.2.5 Configuration control program. Provide that facility process and equipment configuration 
control programs that ensure proper nuclear criticality safety review, analyses, approval, and 
documentation occur prior to implementing or modifying any fissionable material operation within 
the facility. 

5.1.2.6 Self-assessments. Ensure that facility self-audits are performed at least annually, and 
forward copies of such audit reports to their organization, the Criticality Safety Organization, and 
the Installation Nuclear Criticality Safety Review Committee (INCSRC). These audits shall ascertain 
that procedures exist for operations with fissionable materials, that procedures are being followed, 
and that procedures are consistent with the nuclear criticality safety basis for the operation.” 

5.1.2.7 Compliance. Accept responsibility for compliance with applicable DOE Orders, safety 
requirements, Technical Standards, and the nuclear criticality safety basis. Compliance should be 
documented by the self-audit process, Criticality Safety Organization operational reviews, INCSRC 
reviews, and other appraisal processes. 

5.1.2.8 Audit response approval. Approve the response to NCS review, audit, and appraisal 
findings. 

5.1.2.9 Safety documentation. Ensure that nuclear criticality safety aspects of facility design, 
construction, and operation are covered by a documented criticality safety analysis, and that 
operations are documented. 

5.1.2.10 Contingency analysis documentation. Ensure that the facility is covered by documented 
double-contingency analyses. See paragraph 3.62. 

5.1.2.11 Facility shutdowns. Accept responsibility for the safe shutdown of their facilities where 
warranted by actual or indicated criticality safety deficiencies. 

5.1.2.12 Maintenance of NCS controls. Ensure that passive engineered, active engineered, and 
administrative nuclear criticality safety means of control are in place and functioning satisfactorily. 

5.1.2.13 Fire safety plans. Accept responsibility for the development of a facility fire safety plan 
that recognizes, to the extent necessary, both fire safety and nuclear criticality safety 
considerations as specified in DOE Order 6430.1A. These considerations should address the 
possible use of water or other moderator/reflector influences, the possibility of affecting the 

“ANSVANS-8.19-1996, section 7.8. 
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accumulation of fissionable material, and the required presence of fire fighters in the fissionable 
material operations area.12 

5.1.2.14 Operational postings. Establish and maintain nuclear criticality safety posting for the 
facility and labeling of fissionable materials.13 

5.1.2.15 Delegation of responsibilities. Delegate nuclear criticality safety responsibilities to lower 
level facility supervision; however, overall responsibility for facility nuclear criticality safety remains 
with the facility manager. 

5.1.2.16 Development of criticality accident evacuation routes. Ensure that criticality accident 
evacuation routes provide for timely facility evacuation, that facility changes do not unnecessarily 
impede or otherwise lengthen evacuation time, and that, to the extent practical, routes do not 
require personnel to approach potential sites of a criticality accident.14 

5.1.2.17 Monitoring for process accumulations. Provide monitoring or surveillance, or both, to 
forewarn of unacceptable or unsafe accumulations of a significant quantity of fissionable materials 
in process equipment, storage areas, piping, and ventilation systems, thus permitting normal 
corrective actions. If unacceptable or unsafe accumulations of a significant quantity of fissionable 
materials are detected, corrective actions should be taken in conjunction with the area Criticality 
Safety Organization.15 

5.1.2.18 Facility access and other NCS controls. Provide other nuclear criticality safety features 
and administration as necessary to provide for the nuclear criticality safety of the facility, including 
personnel training, familiarization, and qualification for nonreactor nuclear facility access control of 
both assigned and incidental personnel. 

5.1.3 Line/Production Management. Line/production management shall accept the direct 
responsibility for, and exercise authority over, the application of nuclear criticality safety to their 
operations by addressing the following program elements:16 

5.1.3.1 Acceptance of authority and responsibility. Accept the authority and responsibility for 
nuclear criticality safety for facility operations under their control to include the implementation of 
nuclear criticality safety responsibilities as delegated by the contractor President. 

5.1.3.2 Standards compliance. Ensure that applicable nuclear criticality safety standards and DOE 
requirements are applied in the design, modification, and operation of facilities under their control. 
Means to ensure that this requirement is met potentially include the use of configuration control 

‘*ANSI/ANS-8.1-1983,R88, section 4.1.7; and ANSUANS-8.19-1996, section 9.5. 

13ANSI/ANS-8. l-l 983,R88, section 4.1.4; and ANSVANS-8.19-1996, section 9.2. 

“ANSI/ANS-8.1 9-l 996, section 10.3. 

15DOE 420.1, Section 4.3. 

16ANSI/ANS-8.1 9-l 996, section 5. 
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boards, design reviews, technical reviews, operational readiness reviews, self-assessments/audits, 
and training, as applicable. Auditable means for demonstrating such compliance should be 
provided. 

5.1.3.3 Operational approvals. Ensure that all operations within the facility are approved by 
Line/Production Management based upon current nuclear criticality safety analyses and approvals 
as provided by the Criticality Safety Organization. 

5.1.3.4 Staffing and training. Ensure adequacy of staffing and that personnel assigned to work in 
the facility are adequately trained in specific job tasks and qualified in the procedures for working 
safely with fissionable materials in accordance with the reference document in paragraph 2.3.1 .I 2. 

5.1.3.5 Configuration control. Establish and conduct a configuration control program to ensure 
that facility modifications to the structure, utilities, operations, or equipment therein that may 
affect nuclear criticality safety are approved. 

5.1.3.6 Procedures. Conduct the testing, start up, operation, emergency control, and 
corrective/preventive maintenance of the facility in accordance with approved procedures. 

5.1.3.7 Maintenance. Ensure that sampling, measurement and control instrumentation, and safety 
monitoring capabilities are provided and maintained operational. 

5.1.3.8 Self-audit. Report, investigate, and document unplanned events and unusual occurrences 
in accordance with DOE 0 232.1, formerly DOE Order 5000.38. 

5.1.3.9 Emergency planning. Participate in, and concur with, planning for emergency response to 
fires and criticality accidents. 

5.1.3.10 Documentation. Ensure that applicable nuclear criticality safety files are maintained, for 
example: 

operational and equipment approvals, 
technical specifications, 
auditable records of modifications, 
operating reviews, 
procedure reviews, 
maintenance, 
internal audit program, and 
internal training. 

5.1.3.11 Notifications. Notify the Criticality Safety Organization if any building or process 
modifications are planned that could interfere with the performance of a CAS, could require a 
change in the location of a detector, could require any additions to the CAS, or could otherwise 
affect the system. 

5.1.3.12 Review requests. Bring matters requiring INCSRC review to the attention of the 
Committee, and solicit the Committee’s guidance regarding cases where the need for Committee 
review is uncertain. 



DOE G 421.1-l 33 
8-25-99 

5.1.3.13 Delegation of authority and assignment of responsibilities. Delegate the authority and 
assign the responsibility for the day-to-day nuclear criticality safety of operations at an installation 
to First Line Supervision. In this regard, Line/Production Management should review the 
performance of First Line Supervision with respect to nuclear criticality safety on an annual basis 
(noting nuclear criticality safety related occurrences, limit violations, commendable practices, and 
others), assigning importance to nuclear criticality safety commensurate with the other aspects of 
process operations. 

5.1.4 First Line Supervision. The First Line Supervision implements safety related responsibilities 
that are delegated by upper management and has further responsibilities to:” 

5.1.4.1 Responsibility. Accept responsibility for the nuclear criticality safety of operations under 
their control.‘* 

5.1.4.2 Training. Be knowledgeable in those aspects of nuclear criticality safety relevant to 
operations under their control as required by corporation/company training procedures for 
compliance with the applicable document.lg 

5.1.4.3 Provision of training. Ensure that nuclear criticality safety training is provided to personnel 
under their control in accordance with corporation/company training procedures for compliance 
with the applicable document and require that these personnel have procedures and operating 
conditions necessary to perform their functions without undue risk. Records of training activities 
and verification of personnel understanding shall be maintained.20 

5.1.4.4 Procedural development. Develop, or participate in the development of, written 
procedures applicable to the operations under their control. Maintenance of these procedures to 
reflect changes in operation should be a continuing supervisory responsibility.2’ 

5.1.4.5 Safety practices. Require conformance with good safety practices including unambiguous 
identification of fissionable materials and good housekeeping.22 

5.1.4.6 Operational reviews. Review all proposed new operations, facility modifications, and 
process and equipment changes involving significant quantities of fissionable material or nuclear 
criticality safety. Verify compliance with nuclear criticality safety specification for new and 
modified equipment prior to its use. 

17ANSI/ANS-8.1 9-l 996, section 5. 

‘*ANSI/ANS-8.19-1996, section 5.1. 

19ANSI/ANS-8.1 9-l 996, section 5.2. 

20ANSI/ANS-8.1 9-l 996, section 5.3. 

*‘ANSI/ANS-8.19-1996, section 5.4. 

**ANSI/ANS-8.19-1996, section 5.6. 
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5.1.4.7 Operational approvals. Ensure that all operations within the facility are approved by 
Line/Production Management based upon current nuclear criticality safety analyses and approvals 
as concurred by the Criticality Safety Organization. 

5.1.4.8 Process monitoring. Monitor operations to verify compliance with nuclear criticality safety 
requirements. 

5.1.4.9 Recovery and deviation evaluations. Evaluate all criticality safety specification or 
procedural limit violations and deviations, and concur with proposed recovery and corrective 
actions except for emergencies requiring immediate response.23 

5.1.4.10 Labeling and posting. Ensure that appropriate material labeling and area posting are 
maintained, specifying material identification and all operational/process limits on parameters that 
are subject to procedural control. Refer to paragraph 2.1.8 for posting and labeling details. Posted 
operational and/or process limits are to be doable by fissionable material handlers.24 

5.1.4.11 Access control. Access to areas where fissionable material is handled, processed, or 
stored shall be controlled.25 

5.1.5 Fissionable Material Operations Personnel. All personnel working with fissionable material 
shall: 

5.1.5.1 Responsibility. Be responsible for nuclear criticality safety of their own actions and the 
operating systems under their control.26 

5.1.5.2 Operational procedures. Conduct fissionable material operations in strict accordance with 
approved written procedures and instructions.27 

5.1.5.3 Terminate operations. In the event an unforeseen condition develops and a procedure 
does not correspond to the operating system, return operations to a known safe stopping point or 
stop performing the procedure and notify supervision.28 

5.1.5.4 Inquiries. Ask supervision for additional training, guidance, instructions, or procedures 
when uncertain of the nuclear criticality safety of job tasks involving fissionable materials. 

23ANSI/ANS-8.1-1 983,R88, section 4.1.7. 

24ANSI/ANS-8. l-l 983,R88, section 4.1.4; and ANSUANS-8.19-1996, sections 9.2 and 7.6. 

25ANSI/ANS-8.1 9-l 996, section 9.4. 

26ANSI/ANS-8. l-l 983,R88, section 4.1.1. 

27ANSI/ANS-8.1-1983,R88, section 4.1.3. 

28ANSI/ANS-8.1 9-l 996, section 7.7. 
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5.1.5.5 Training requirements. Complete and periodically update applicable nuclear criticality 
safety training in accordance with corporation/company procedures developed to comply with 
paragraphs 5.1.3.4 and 5.1.4.2 of this Guide. 

5.1.5.6 Notification. Communicate information and concerns to co-workers and management as 
appropriate. 

5.1.5.7 Emergency response. Know and follow emergency procedures. 

5.1.6 Facilities Maintenance Organization. Through personnel NCS and facility access control 
training and use of a formal maintenance work permit program, the maintenance organization 
should ensure that any engineered criticality safety controls have been identified and will not be 
disturbed or inadvertently deactivated prior to performing work. The maintenance organizations 
should also verify with facility personnel that it is safe to perform work on an engineered criticality 
safety control prior to performing such work. 

5.1.7 Engineering and Projects Organization (E&PO). The E&PO is responsible for the performance 
of oversight of design, procurement, and construction of facilities used for the processing, storage, 
or transport of fissionable material. 

5.1.7.1 Responsibilities. E&PO should accept responsibilities in the area of nuclear criticality 
safety as delegated by the corporation/company President through corporation/company policies, 
procedures, and practices for nuclear criticality safety design control. 

5.1.7.2 Design requirement compliance. In addition to those design responsibilities identified in 
paragraph 5.1.7.1, E&PO should comply with the nuclear criticality safety design requirements 
contained in DOE Order 6430.1A and shall comply with the nuclear criticality safety requirements 
contained in DOE Order 420.1, Section 4.3 and the ANSI/ANS Standards referenced within DOE 
Order 420.1, Section 4.3. 

5.1.8 Criticality Safety Organization. The Criticality Safety Organization accepts and implements 
responsibilities delegated by the corporation/company President and as described in 
corporation/company policies. These responsibilities shall, as a minimum and when applicable and 
appropriate, include: 

5.1.8.1 Technical Direction. Technical direction consists of documenting the nuclear criticality 
safety program as policies and procedures to implement the elements of the ANSVANS standards 
specified in DOE Order 420.1, Section 4.3. 

a. ANSVANS-8.1-1998, “Nuclear Criticality Safety in Operations with Fissionable Materials 
Outside Reactors,” except paragraphs 4.2.2 and 4.2.3, and paragraph 3.3; 

b. ANSVANS-8.3-1997, “Criticality Accident Alarm System,” except paragraphs 4.1.2, 
4.2.1, and 4.2; 

C. ANSVANS-8.5-1996, “Use of Borosilicate-Glass Raschig Rings as a Neutron Absorber in 
* 

Solutions of Fissile Materials”; 

d. ANSVANS-8.6-1983,R95, “Safety in Conducting Subcritical Neutron-Multiplication 
Measurements in Situ,” except paragraph 5.3; 
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ANSVANS-8.7-1998, “Guide for Nuclear Criticality Safety in the Storage of Fissile 
Materials,” except paragraph 5.2; 

ANSVANS-8.9-1987,R95, “Nuclear Criticality Safety Criteria for Steel-Pipe Intersections 
Containing Aqueous Solutions of Fissile Materials”; 

ANSVANS-8.1 O-l 983,R88, “Criteria for Nuclear Criticality Safety Controls in Operations 
with Shielding and Confinement”; 

ANSVANS-8.12-1987,R93, “Nuclear Criticality Control and Safety of Plutonium-Uranium 
Fuel Mixtures Outside Reactors”; 

ANSVANS-8.15-1981 ,R95, “Nuclear Criticality Control of Special Actinide Elements”; 

ANSVANS-8.17-1984,R97, “Criticality Safety Criteria for the Handling, Storage, and 
Transportation of LWR Fuel Outside Reactors,” except paragraph 4.3; 

ANSVANS-8.19-1996, “Administrative Practices for Nuclear Criticality Safety”; 

ANSVANS-8.20-1991, “Nuclear Criticality Safety Training”; 

ANSVANS-8.21-1995, “Use of Fixed Neutron Absorbers in Nuclear Facilities Outside 
Reactors”; 

ANSVANS-8.22-1997, “Nuclear Criticality Safety Based on Limiting and Controlling 
Moderators”; 

ANSI/ANS-8.23-1997, “Nuclear Criticality Accident Emergency Planning and Response.” 

Quality assurance. Maintain procedures to ensure that accurate nuclear criticality safety 
analyses for intended fissionable material operations are performed and documented and any 
identified required controls are implemented for those operations. Ensure that such documentation 
is consistent with the requirements of the reference in paragraph 2.1.17. 

5.1.8.3 Criticality Safety Organization personnel qualifications. Establish criteria (see paragraphs 
5.2.2, A.2 and 5.2.2, A.2) for qualifying Criticality Safety Organization staff and qualify and 
periodically ensure the qualifications of staff performing or reviewing topics such as 

(a) analyses of fissionable material process NCS event/fault-trees, 

(b) evaluations of NCS control effectiveness, 

(c) NCS evaluations, 

(d) NCS analyses, 

(e) analyses of nuclear criticality accident alarm/detection system placement, 

(f) evaluations of nuclear criticality accident evacuation zones, 
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(g) audits of fissionable material processes and violation/procedural reviews, 

(h) quality and configuration control of software and data sets used for NCS evaluations and 
for nuclear criticality accident alarm or detection system placement and evacuation zone 
evaluations, 

0) accident or unusual occurrence investigations or root cause analyses, and 

Cj) training for criticality safety. 

5.1.8.4 Maintenance of familiarity. Maintain familiarity with 

(a) current and developing nuclear criticality safety standards and guides, 

(b) nuclear criticality safety computational codes to the extent that personnel need to use or 
interpret the codes or their results, and 

(c) all operations within the corporation/company installation that require nuclear criticality 
safety controls. Familiarity may be gained through a combination of reading, tours, 
training, inspections, calculations, and periodic assignments to a facility as appropriate. 

5.1.8.5 Consultation. Provide consultation and technical guidance by 

a. advising corporation/company management of requirements relating to nuclear criticality 
safety and determining if the nuclear criticality safety program is consistent with this 
Guide, 

b. assisting in the development, review, and concurrence of operating procedures, and 
procedure changes affecting nuclear criticality safety, 

C. assisting and advising in equipment and process design, review, and concurrence in 
process and equipment changes affecting nuclear criticality safety, particularly passive 
engineered controls and active engineered controls, 

d. concurring in the approval of corporation/company-wide nuclear criticality safety related 
policies, procedures, manuals, and instructions written for conformance to regulations 
issued by organizations such as the U.S. Department of Energy (DOE), U.S. Department 
of Transportation (DOT), U.S. Nuclear Regulatory Commission (NRC) and the U.S. Code 
of Federal Regulations (CFR), 

e. assisting with formal nuclear criticality safety related communications between the 
corporation/company and external organizations such as in requests for exemptions or 
non-adherences to DOE Orders or other regulations, 

f. assisting in the development and execution of nuclear criticality safety training programs, 
and 

9. assisting in evaluation of unusual occurrences. 
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5.1.8.6 Obtaining consultation. Obtain consultation with knowledgeable individuals to obtain 
technical assistance as needed. 

5.1.8.7 Performing self-assessments and audits. Conduct or participate in installation self- 
assessments or audits (at least annually) of nuclear criticality safety practices and compliance with 
procedures to ascertain that procedures are being followed and that process conditions have not 
been altered so as to affect the nuclear criticality safety of operations and the relevance of nuclear 
criticality safety evaluations to the operations.2g 

5.1.8.8 Operational reviews. Perform walk-through inspections of facilities with nuclear criticality 
safety approvals. This walk-through may be done in conjunction with other facility audits, if 
implemented, and should include consideration of nuclear criticality safety practices and compliance 
with procedures. The frequency of such walk-throughs should be increased in relation to the 
potential for criticality accidents, degree of controls required, and level of activity ongoing, and 
should be specified by facility-, site-, or installation-specific procedure or policy documents. 
However, all such facilities should be inspected annually; facilities covered by a CAS should be 
inspected quarterly. 

5.1.8.9 Procedural reviews. Review new or revised procedures affecting nuclear criticality safety. 

5.1.8.10 Incident reviews. Review installation operating or procedural NCS incidents for root 
causes, possible improvement of safety practices, and procedural requirements; report findings to 
management. (See paragraph 2.1.14.) 

5.1.8.11 Process event/fault tree analyses. Review and concur in, or, as trained, qualified, and 
requested by management, provide fissionable material process event/fault tree analyses in support 
of, nuclear criticality safety evaluations and analyses. 

5.1.8.12 Quality and configuration control of software and data sets. Provide for software and 
data set verification, validation, and configuration control for criticality and radiation shielding 
computational methods used in nuclear criticality safety evaluations and, as applicable, for nuclear 
criticality accident alarm and detection system (CAS and CDS) placement evaluations. 

5.1.8-l 3 NCS evaluations. Use quality controlled, configuration controlled, verified, and validated 
software and data sets; handbook techniques and data shown to be valid; or direct comparisons 
with critical and subcritical experiment data. Perform nuclear criticality safety evaluations to 
demonstrate technically the subcriticality of fissionable material processes, operations, and 
situations for transportation and storage under normal and credible abnormal conditions.30 See 
Appendix B for discussion of a graded approach to NCS evaluations. 

5.1.8.14 NCS analyses. Using results of a structured analysis process (e.g., process event/fault 
tree, HAZOP, what-if, human reliability, failure modes and effects, MORT) and NCS evaluations, 
perform and document nuclear criticality safety analyses for proposed new or modified fissionable 
material processes as requested by facility line/production management. The safety analyses shall 
contain information to demonstrate compliance with applicable requirements for the prevention of 

29ANSI/ANS-8.1 9-l 996, section 7.8. 

30ANSI/ANS-8. l-l 983,R88, section 4.3. 
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inadvertent criticality and mitigation of consequences from a criticality accident. See Appendix B 
for discussion of a graded approach to NCS analyses. 

5.1.8.15 NCS recovery actions. Respond to, and assist in, recovering from contingencies and any 
other discoveries that the basis for criticality safety is invalid by supplying advice and commenting 
on proposed actions in addition to performing and documenting NCS evaluations and analyses as 
described above. Initial advice should focus on whether it is necessary to declare an emergency, 
and if so, how to deal with the emergency. Generally, loss of all protection against criticality 
constitutes an emergency; exceptions include instances where shielding protects workers and 
equipment vital to safety against the dose consequences of a criticality accident. If the situation 
does not warrant declaring an emergency, advice should first focus on immediate or near term 
vulnerabilities that, if left uncorrected, could lead to declaring an emergency. 

5.1.8.16 CAS and CDS sensors, Nuclear Accident Dosimeters (NADs), and evacuation zone 
boundary shielding and deployment evaluation. Participate in the performance of evaluations for 
placement of CASs and CDSs sensors, NADs, and evacuation zone boundaries for credible nuclear 
criticality accident source terms using appropriate criticality and shielding codes, NRC Regulatory 
Guides, or other techniques such as charts, nomographs, and hand calculations, as necessary, 
providing a peer review of results, documenting the results, and maintaining records of the 
evaluation. 

5.1.8.17 Peer review. Provide peer reviews of 

(a) fissionable material process analyses affecting NCS, 

(b) NCS evaluations, 

(c) NCS analyses, 

(d) CAS, CDS, and NAD deployment evaluations, 

(e) nuclear criticality accident evacuation zone evaluations, and 

(f) quality and configuration control of software and data sets used for NCS evaluations and 
nuclear criticality accident alarm or detection system placement and evacuation zone 
evaluations. 

5.1.8.18 Records retention. Ensure the maintenance of records during the period of their 
applicability and at least for periods specified in paragraph 2.1.2 for 

(a) NCS analyses, 

(b) CAS, CDS, and NAD placement evaluations, 

(c) nuclear criticality accident evacuation zone evaluations, 

(d) fissionable material process audits and violation/procedural reviews, and 
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(e) quality and configuration control of software and data sets used for NCS evaluations and 
nuclear criticality accident alarm or detection system placement and evacuation zone 
evaluations. 

5.1.8.19 NCS procedures. Prepare, maintain, and interpret policy, standards, guidelines, and 
implementation procedures for installation nuclear criticality safety requirements. 

5.1.8.20 Design reviews. Provide independent safety reviews of documents significant to 
criticality safety for all new facilities and significant modifications that affect nuclear criticality 
safety in existing facilities. Documents include training plans, design criteria, project design 
documentation, technical specifications, procedures, and drawings. 

5.1.8.21 Selection and approval of effective controls. With support and approval from first line 
supervision, effectively select controls for nuclear criticality safety as identified by the nuclear 
criticality safety analysis. 

5.1.8.22 Assistance in shutdowns. Technically assist line supervision in safely suspending 
fissionable material operations that, in the judgment of line supervision or the Criticality Safety 
Organization, do not have the required level of nuclear criticality safety. 

5.1.8.23 Accident yield estimation. Provide for the evaluation of yield of credible nuclear 
criticality accidents bounding facility or installation fissionable material processes. 

5.1.8.24 Participate in CAS evacuation drills. In cooperation with Operations, monitor and 
comment upon CAS evacuation drills, emergency procedures, re-entry procedures, and practices. 

5.1.8.25 Technical training support. Review, approve, and provide technical information, as 
requested, for general and facility-specific nuclear criticality safety training curricula. 

5.1.8.26 Reviews of fire safety plans. Review and concur in the fire safety plan for each facility 
having significant quantities of fissionable materials. 

5.1.8.27 Operational experience feedback. Examine reports of procedural violations and other 
deficiencies for potential improvements of safety practices and procedural requirements, and report 
such potential improvements to management. Collect, analyze, and examine for trends of 
operational experiences relating to criticality safety to determine if the assumptions in NCS 
evaluations and analyses are valid, too conservative, or otherwise need revising. Report priority 
needs for revisions to management.31 

5.1.8.28 INCSRC support. Provide nuclear criticality safety experienced personnel to serve on, 
and assist, the Installation Nuclear Criticality Safety Review Committee, as requested. 

5.1.9 Installation Nuclear Criticality Safety Review Committee (INCSRCI. The INCSRC should 
provide the installation site manager with appraisals of the programmatic effectiveness of the 
installation operating and nuclear criticality safety organizations. 

31ANSI/ANS-8.1 9-l 996, section 6.7. 
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5.1.9.1 Composition. Should be chaired by an individual who reports to the Installation Manager 
or a sufficiently high level of management, and should be independent, to the extent practicable, of 
fissionable material Operations and the Nuclear Criticality Safety Organization. Committee 
membership may include individuals representing the installation for 

(a) fissionable material operations and waste management, 

(b) fissionable material operations development and engineering, 

(c) fissionable material accountability and security, 

(d) emergency preparedness, 

(e) installation maintenance and support, and 

(f) Criticality Safety Organization. 

5.1.9.2 Guidance to management. Provide guidance to management for principles and policy of 
the installation nuclear criticality safety program including the resolution of any conflicting 
interpretations of NCS policies and procedures. 

5.1.9.3 Investigation of incidents. Participate, as requested by line management, in the 
investigation of criticality safety incidents that are classed as “violations,” in accordance with the 
reference in 2.1.3. (See also 2.1.14.) 

5.1.9.4 INCSRC Annual reviews. INCSRC, or an alternative means of review shall conduct 
periodic reviews of the Installation NCS program. 32 These reviews should be conducted at least 
annually and include applicable items from the following elements: 

a. Presentations by the installation NCS Organization regarding the status of 
(1) any proposed nuclear criticality safety program policy changes; 
(2) activities of the NCS Organization with respect to 

(i) pertinent aspects of continuing facility operations and of major new programs or 
modifications, 

(ii) applicable audit recommendations and suggestions resulting from audits of the 
nuclear criticality safety program, 

(iii) participation in installation personnel education and training efforts, and 
(iv) development, training, and qualification of NCS personnel; 

(3) compliance with DOE Orders and other federal, state, or municipal regulations 
regarding NCS as evidenced by documented periodic reviews and random 
surveillances; and 

(4) configuration control program for the conduct of Criticality Safety Organization 
operations. 

b. Presentations by operating line management responsible for, or affecting, the installation 
NCS program regarding 

32ANSI/ANS-8.1 9-l 996, sections 4.5 and 4.6. 
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(1) inspections, audits, and self-assessments including follow-up on corrective actions 
and recommendations from incident investigations, 

(2) personnel training, qualification, and certification, 
(3) administration of nuclear criticality safety controls including methods, 

accomplishments, and procedures, 
(4) installation and facility access control, 
(5) process and facility engineering design development, construction, and maintenance 

activities, 
(6) configuration control of processes, equipment, and facilities important to NCS, 
(7) ancillary support equipment and utilities affecting fissionable material operations, 

storage, or transportation, 
(8) operations, storage, and transportation of fissionable materials, 
(9) emergency preparedness and drills, and 
(I 0) compliance with statutory requirements regarding NCS as evidenced by documented 

self appraisals. 

C. A physical inspection of the fissionable material control areas for the purpose of focusing 
on specific program review topics. 

d. Reviews of installation and facility operating experiences, including operating anomalies 
and NCS incidents along with incident investigation and prior review responses and 
follow-up by line management and the NCS organization. 

e. Review of criticality accident alarm and detection systems performance. 

f. The documentation of the annual review in a report provided to the Installation Manager 
that contains the items of review, findings, and recommendations. 

9. A summary presentation of the annual review report to the Installation Manager. 

5.1.9.5 Response to requests. Review on an as-needed or requested basis 

(a) any proposed criticality safety program policy change, making recommendations to 
management, and 

(b) any issues or concerns that should properly come before the INCSRC. 
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5.2 PERSONNEL SELECTION, QUALIFICATION, TRAINING, AND STAFFING PROGRAM. The 
purpose of the program is to establish (develop and document) the selection, qualification, training, 
and staffing requirements for personnel such that persons are qualified to carry out their assigned 
responsibilities, that they have a broad understanding and acceptance of the inherent risks involved 
with the operations, and that they maintain a job performance proficiency consistent with effective 
control of the hazards and risks associated with the operations. Three broad categories of the 
program are considered in this Guide. The categories are (I) the operations and support personnel 
associated with fissionable material operations outside of reactors, (2) the installation nuclear 
criticality safety staff, and (3) visitors and clerical employees. The personnel selection criteria and 
depth and breadth of nuclear criticality safety training are necessarily variable, depending on the 
work assignments of personnel. A detailed discussion of this program is found in Appendix A, 
which is intended to provide guidance for organizations establishing new programs or improving 
current programs. This guidance is presented in an a posteriori form, expressly to emphasize that 
the specificity of structure and nomenclature for personnel selection, qualification, training, and 
staffing is illustrative and suggestive rather than recommendatory. 

5.2.1 Program for Operations and Support Personnel. The category of operations and support 
personnel includes fissionable material handlers and their supervisors, operations support, design, 
maintenance, technical support (including the members of the Nuclear Criticality Safety 
Organizations) and emergency response personnel, managers and other administrative personnel, 
and persons who enter areas where fissionable material is processed, stored, or handled. As 
consistent with job assignments and personnel acknowledgement of job hazards and risks, the 
following items should be considered for inclusion in the training and qualification program. 

0 Establish the training and qualification program to provide continuing proficiency of 
personnel. 

0 Discuss the concept of a nuclear fission chain reaction. 

0 Describe neutron induced fission, neutron capture, and neutron scattering and leakage. 

l Review and describe selected criticality accidents. 

0 Train personnel in the recognition of, and the response to, criticality accident alarms. 

0 Explain and illustrate the influence of various nuclear criticality safety parameters on 
process safety. 

0 Describe the facility management’s nuclear criticality safety policy. 

l Periodically, perform and document evaluations of the training program and trained 
personnel. 

5.2.2 Installation Nuclear Criticality Safety Staff. This category includes the manager and 
members of the installation Criticality Safety Organization who are responsible for performing 
computational or comparative evaluations and safety analyses for fissionable material operations; 
for developing procedural, process, and control requirements; and for providing procedural, process, 
and equipment/facility reviews and approvals, nuclear criticality safety training program 
development, and facility operational reviews, appraisals, audits, and investigations. The 
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professional personnel charged with implementing the programs identified in this Guide are 
designated nuclear criticality safety specialists (NCSS). 

There are currently only general qualification requirements 33, but ongoing and future qualification of 
individuals should consider developing confirmable documentation that addresses, but is not limited 
to, the following (see Appendix A for more detail): 

0 A demonstrated capability to perform installation-specific analyses of the NCSS job and 
its tasks for experienced NCSS personnel. 

0 A qualification checklist, file, card, or other record that identifies each applicable task and 
the method(s) by which competence has been demonstrated, with performance 
evaluation based on actual or representative work products. 

0 A baseline education of a baccalaureate degree in engineering or science and a minimum 
experience in nuclear criticality safety at the facility of one (I) year to independently 
perform NCSS tasks, and three (3) years to provide independent review and quality 
assurance of NCS tasks. Equivalencies may be established. 

0 Certification of final qualification by criticality safety management. 

0 Periodic competence confirmations based on practical exercises. 

First-hand knowledge of the situation of criticality should be the goal of all criticality safety 
practitioners that comprise the Installation Nuclear Criticality Safety Staff. Such knowledge should 
be meaningfully obtained through experience in performing criticality experiments, preferably on a 
routine basis, e.g., as a staff member at a critical mass laboratory for an extended period. When 
feasible, such knowledge should be obtained in this manner. 

Nuclear criticality safety specialists are collectively the professional staff with primary responsibility 
for implementing the activities and programs required to support this Guide. 

5.2.3 Visitors and Clerical Employees. As a minimum, visitors and clerical employees entering 
fissionable material control areas without escort should have been instructed in the identification of 
the criticality accident alarm system (CAS) signals (audible and/or visible), instruction on the 
requirement for immediate evacuation if in an area in which a CAS alarms sounds, identification of 
evacuation routes, and an explanation as to why a CAS alarm is necessary. These persons should 
also have been instructed to refrain from all actions involving the movement, processing, or storage 
of fissionable material.34 

5.2.4 Auditor Qualifications. Nuclear criticality safety program auditors shall have adequate 
education, knowledge, training, and experience to review and evaluate the elements of a nuclear 
criticality safety program in terms of content and adequacy for its intended application. 

“DOE Order 5480.20A, Chapter I, 7.9. 

34DOE Order 5480.20A, Chapter I, 7.e. 
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5.2.4-l Compliance. A compliance auditor of a nuclear criticality safety program should have a 
demonstrated basic knowledge of DOE Orders, associated statutory requirements, and industry 
standards and practices in order to recognize the equivalency or adequacy of documented and 
observed program procedures and practices (i.e., compliance) with the DOE Orders. This 
knowledge should be demonstrated by either 

0 three years in the administration and management of a non-reactor nuclear facility 
nuclear criticality safety program, or 

l education, training, and testing (developed from job/task analyses) in the above subject 
matter. 

5.2.4.2 Quality Audit. An auditor of nuclear criticality safety program quality should have seven 
years experience in nuclear criticality safety leading to broad knowledge and applications. In 
addition, such auditors should have specific experience in the particular subject to be audited. 
Examples of this specific experience may include, but are not limited to, 

physicochemical operations and administrative controls used in the processing, handling, 
transport, or storage of fissionable materials, and typical or experiential upset/contingent 
conditions of these operations, 

computational physics as it relates to computational modeling, use and/or processing of 
neutron cross sections, and computer code verification and validation, 

safety analysis techniques such as failure modes and effects analysis, what-if analysis, 
management oversight risk tree analysis, etc., 

human factors influences on processes, 

conduct of inspections, self-assessments, and audits, 

emergency preparedness, and 

criticality safety training subject matter for operators, supervisors, managers, visitors, 
etc. 
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5.3 OPERATING, STORING, AND TRANSFERRING - PLANS, PROCEDURES, REQUIREMENTS, AND 
CONTROLS. Operations for which nuclear criticality safety is a consideration shall be addressed by 
a Nuclear Criticality Safety Evaluation and shall be governed by written plans, written procedures, 
and controls.35 

5.3.1 General Requirements for Operating Plans and Procedures. 

5.3.1 .I Start-up, operations, and modifications. Written plans and procedures for facilities in 
which nuclear criticality safety is of concern shall cover start-up, operations, and any modifications 
that may affect nuclear criticality safety. All persons participating in the operation of such facilities 
shall be familiar with, and understand procedures applicable to, their assigned duties. In this Guide, 
operating plans and procedures include any set of instructions to do work that can affect criticality 
safety. They include process operating procedures, storage plans, and modification or maintenance 
work packages that involve significant quantities of fissionable material, associated materials, 
engineered safety features, and the CAS.36 

5.3.1.2 NCS parameter identification. Procedures shall clearly specify all nuclear and process 
parameter limits related to nuclear criticality safety that are intended to be controlled for safety. 
Nuclear criticality safety steps should be conspicuously identified in operating procedures and 
should immediately precede the step or group of steps to which they are applicable. New or 
revised procedures containing such nuclear safety steps, nuclear criticality safety limits, or nuclear 
criticality safety requirements shall undergo review by the Criticality Safety Organization prior to 
implementation.37 

5.3.1.3 Single failure safety assurance. Procedures should be developed such that no single 
credible inadvertent departure from a procedure can cause a criticality accident. 

5.3.1.4 Procedural convenience. Procedures should be convenient for use by operators and 
should be free of extraneous material. 

5.3.1.5 Procedural reviews. Active procedures shall be reviewed periodically by supervision. The 
requirement to periodically review active procedures shall itself be a procedure to define the review 
frequency. Similarly, operations shall be reviewed at least annually to ascertain that procedures are 
being followed, and that process or facility conditions have not been altered so as to affect nuclear 
criticality safety adversely.38 

3’ANSI/ANS-8.1 -1983,R88, sections 4.1.2 and 4.1.3; and ANSVANS-8.19-1996, sections 7 
and 8. 

36ANSI/ANS-8.1-l 983,R88, section 4.1.3; and ANSVANS-8.19-I 996, sections, 5.3, 5.4, 
and 7. 

37ANSI/ANS-8.1-l 983,R88, section 4.1.3; and ANSVANS-8.19-I 996, section 7.5. 

38ANSI/ANS-8.1-l 983,R88, section 4.1.6; and ANSVANS-8.19-I 996, sections 5.4, 7.4, 
and 7.8. 
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5.3.1.6 Supplementation. Procedures should be supplemented as appropriate by posted nuclear 
criticality safety limits or other appropriate operator aids such as inventory lists, process checklists, 
flowsheets, and engineering drawings as part of an operator aid program in accordance with 
references cited in this document. 3g a Suitable allowances may be made for situations where the 
fissionable material content of products, wastes, or feed materials, or such content under other 
circumstances, is repetitive or is previously established from the work of others or from process 
limitations. Examples could include the acceptance of shipper’s values for received materials or 
limitation of material density or concentration because of a specific chemical process. 

5.3.1.7 Operational deviations. Deviations from operating procedures and unforeseen alterations 
in process conditions that affect nuclear criticality safety shall be documented, reported to 
management, and investigated promptly. Actions shall be taken to prevent a recurrence or to 
appropriately modify procedures.41 

5.3.1.8 Procedural revisions. Supplementing and revising procedures shall be facilitated as 
improvements become desirable.42 

5.3.2 Processing. Fissionable material processing shall be conducted in an orderly fashion that 
includes, as appropriate, use of the following:43 

5.3.2.1 Plans, flowsheets, and layouts. Process plans, flowsheets, and layouts should be 
developed that describe the process, including equipment and facilities in which criticality hazards 
may exist, using appropriate drawings/sketches, and including dimensions in sufficient detail to 
permit the development of procedures specified in paragraphs 5.3.2.2 through 5.3.2.6 to evaluate 
the process. 

5.3.2.2 Procedural description of material composition. Procedures shall be developed and used 
that contain information on the physical and chemical form of fissionable material in the processing 
operation, including isotopic content, concentrations, densities, and moderation levels of the 
fissionable material, as applicable and required to ensure criticality safety. This information may be 
bounded by conservative enveloping assumptions to simplify and eliminate superfluous details. 

5.3.2.3 Procedural description of allowed material quantities. Procedures should be developed and 
used that contain statements of the maximum quantities or concentrations of fissionable material 
allowed in the process. 

39DOE 5480.19. 

40ANSI/ANS-8.1 -1983,R88, section 4.1.4. 

4’ANSI/ANS-8.1 9-l 996, section 7.7. 

42ANSI/ANS-8.1 9-1996, section 7.3. 

43ANSI/ANS-8.1 9-l 996, sections 5.6 and 9.5. 
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5.3.2.4 Procedural description of spacing requirements. Procedures should be developed and used 
that specify required spacing of masses of fissionable material and separation from fissionable 
material in adjoining areas, as applicable. 

5.3.2.5 Procedural specifications for material collection and transport. Procedures should be 
developed and used that specify safe methods of collecting, handling, and transporting fissionable 
material. 

5.3.2.6 Procedural specifications for administrative controls. Procedures should be developed and 
used that specify administrative methods to prevent criticality. 

5.3.3 Receiving and Inspecting Fissionable Material. The receipt and inspection of fissionable 
materials shall be controlled by procedures which address:” 

5.3.3.1 Verification. Procedures that are consistent with materials controls and accountability 
requirements should be developed and used for determining, verifying, or noting the contents of 
each package, including the net weight of the fissionable material therein. 

5.3.3.2 Material placement. Procedures should be developed and used for placing fissionable 
materials in receiving areas and storage facilities. 

5.3.4 Storing Fissionable Material. The requirements of this section do not apply (a) when 
materials are in-process as part of production, analytical and developmental procedures, or 
transport operations, (b) when an assembly cell is used for assembly and/or storage of weapons 
components made with these materials, (cl when the number of packages of materials prepared for 
shipment is limited in accordance with the requirements of DOE 0 460.1A, formerly DOE Order 
5480.3, or (d) to radioactive waste storage or disposal facilities. 

5.3.4.1 Container design. Fissionable material container design should be appropriate to the form 
of stored fissionable material. Criteria for container integrity should be developed in the course of 
the required safety analysis and the applications of such criteria evaluated by periodic inspection 
(by facility personnel). For containers involving any significant gas buildup, automatic pressure 
relief or other venting should be designed to ensure that no personnel exposure to any toxic 
material will occur under normal storage conditions, or, insofar as practical, under credible accident 
conditions. Such venting should not permit the spread of contamination. 

5.3.4.2 Container criteria. Criteria, such as external and internal corrosion rate for determining the 
suitability of containers in storage, should be developed as necessary and set forth in writing. 
These criteria are particularly important in water pool storage of fuel elements or containerized 
fissionable materials and in the storage of plutonium or 233U. All storage containers should be 
periodically inspected against the criteria developed. The time between inspections may vary 
depending upon storage container quality and type. Procedures for conducting these inspections or 
surveillances should include acceptance criteria for corrosion and other phenomena that can 
adversely affect criticality safety. 

44ANSI/ANS-8.1 9-l 996, sections 7.2 and 9.2. 
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5.3.4.3 Container descriptions. Containers of fissile material in areas with sprinkler systems shall 
be designed to prevent the accumulation of water. 45 Procedures developed and used for storing 
fissionable material should contain descriptions or identify types of containers in which fissionable 
materials are allowed to be stored. 

5.3.4.4 Container identification and closure. All fissionable material storage containers should be 
marked and, if practical, coded to indicate the type or category of material, amount, degree of 
enrichment, moderation, and the radiation level at the outside surface of the container as 
appropriate to monitor criticality safety parameter limits and controls. Containers should be 
securely closed and positioned so as to prevent significant displacement and maintain criticality 
prevention requirements. 

5.3.4.5 Container venting. Plutonium containers in which gas buildup can occur should be 
designed to prevent leakage of gas over the maximum storage period, or vented to prevent an 
accumulation of explosive gases; however, such venting should not permit the spread of 
contamination. 

5.3.4.6 Containerization of plutonium or 233U. Plutonium- or 233U-bearing, or -contaminated, 
material should be packaged in a closed metal container. Combustibles within the container should 
be minimized. Hydrogenous materials (“plastics”) should not be used for plutonium packaging. 
These considerations may also be applicable to 233U. (See also DOE-STD-3013-94, paragraph 
2.1.20 of this Guide.) 

5.3.4.7 Plutonium storage monitoring. Plutonium storage facilities and containers should be 
monitored and checked periodically to ensure continued integrity of containment. When required 
by the form or hazard potential of the stored material, procedures should be developed to detect 
contamination or loss of primary containment when personnel enter the plutonium storage facility. 

5.3.4.8 Facility design criteria. The storage of fissionable materials shall be such as to obviate 
concern with accidental nuclear criticality in the event of fire or flood, earthquake, or other natural 
calamities.46 In addition, the design of storage structures should tend to preclude unacceptable 
arrangements or configurations, thereby reducing reliance on administrative controls.47 Where the 
presence of significant quantities of combustibles cannot be avoided, as in the storage of 
combustible fissile scrap, a fire protection system shall be installed.48 Where sprinkler systems are 
installed in fissile storage areas, consideration shall be given to the possibility of criticality occurring 
in an accumulation of runoff water.4g 

45ANSI/ANS-8.7-1 975,R87, section 4.2.7. 

46ANSI/ANS-8.7-1 975,R87, section 4.2.3. 

47ANSI/ANS-8.7-1 975,R87, section 4.2.4. 

48ANSI/ANS-8.7-1 975,R87, section 4.2.6. 

49ANSI/ANS-8.7-1 975,R87, section 4.2.8. 
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5.3.4.9 Storage specifications. Procedures should be developed and used for storing fissionable 
material.50 These should set forth limits on the total quantity of fissionable material, allowable 
quantity of individual units, allowable container dimensions, and required spacing of containers in 
storage areas. 

5.3.4.10 Storage facility plans and layouts. Storage facilities and structures shall be designed, 
fabricated, and maintained in accordance with good engineering practices.51 Plans and layouts 
should be developed that contain a description of the storage facility, including dimensions and 
materials used in construction of the enclosure and shelving, cubicles, cages, and other equipment 
within the storage area. 

5.3.4.11 Admonitions about moderating and reflecting materials. Procedures developed for 
storing fissile material should contain precautions to avoid entry of water or other moderating 
materials into a storage area where moderating and reflecting effects of such materials would be 
unsafe. Nonessential combustible materials should not be stored in a fissionable material storage 
area. 

5.3.4.12 Removal and return of materials. Procedures shall be developed and used that control 
the removal, or transfer, of fissionable material from storage and the return of such material to 
storage. These procedures should incorporate means of verifying the weight, isotopic content, 
chemical composition, and degree of moderation, as appropriate. 

5.3.4.13 Exclusion of superfluous materials. Process operations, storage of non-nuclear materials 
or equipment that is not directly required for fissionable materials storage operations, and all other 
functions not directly a part of normal fissionable materials storage operations should be excluded 
from the storage area. 

5.3.4.14 Readiness inspections. Documented inspections, in situ tests, and preventive 
maintenance shall be performed periodically on fissionable material storage areas to ensure that the 
safety systems and components necessary for criticality safety control are maintained in a state of 
readiness.52 

5.3.4.15 Postings. Nuclear criticality safety limits shall be conspicuously posted.63 Postings at 
the entrance and inside fissionable material storage areas, as applicable, should be considered. 

5.3.4.16 Instructions. Signs or other devices should be utilized as appropriate at strategic 
locations in or near fissionable material storage locations to provide instructions regarding 
interpretations of, and required responses to, alarms, evacuation routes, and fire fighting. 

“ANSI/ANS-8.7-1975,R87, section 4.1.2. 

51ANSI/ANS-8.7-1 975,R87, section 4.2.2. 

‘*ANSI/ANS-8.7-1975,R87, section 4.2.2. 

53ANSI/ANS-8.7-l 975,R87, section 4.1.2. 
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5.3.4.17 Emergency planning. In conjunction with site emergency planning, a fire fighting plan 
should be developed for fissionable material storage areas and incorporated into the overall facility 
and site plans. Periodic training drills/exercises should be conducted appropriate to the level of fire 
hazard associated with the area. 

5.3.4.18 Exclusion from storage requirements. Excess fissionable material should not be 
construed to be “in process” to circumvent the fissionable material storage requirements of this 
section. 

5.3.4.19 Use of shipping containers. Fissionable material may be stored in shipping containers for 
the purpose of enhancing safety in storage, but not for the purpose of negating the requirements of 
this section. 

5.3.4.20 Material constraints. Fissionable material should be stored in racks or equivalent fixtures 
capable of securely locating stored material in order to prevent displacement, to ensure spacing 
control, and to meet designs for criticality safety under normal operational and credible accident 
conditions. Floor storage within a fissionable material storage facility should only be permitted 
where control of location or other safety requirements (equivalent to the safety provided by storage 
racks) are inherently provided by the original containers and their restraints if required for nuclear 
criticality safety. 

5.3.4.21 Pyrophoric materials. All fissionable materials that are determined to be pyrophoric 
should be put in a safe form (i.e., non-pyrophoric) prior to storage or be stored in approved 
containers or inert atmospheres that will not permit spontaneous ignition or dispersal. 

5.3.4.22 Heat removal. Provisions should be made in a plutonium storage facility to ensure 
necessary and adequate heat removal for plutonium storage containers as established by facility 
safety assessments. 

5.3.5 Fissionable Material Transportation. The transportation of fissionable materials onsite and 
offsite shall be governed by written procedures that comply with DOE Order 420.1, Section 4.3; 
DOE 0 460.1A, formerly DOE Order 5480.3; 49 CFR; 10 CFR 71; and other applicable federal 
requirements. 

5.3.5.1 Onsite transfers. The design and use of onsite shipping containers shall provide criticality 
safety protection of fissionable material consistent with that protection provided by DOE, NRC, or 
DOT packages used in interstate transport. Considerations should be given to onsite resources and 
conditions of material transport that eliminate or mitigate interstate transport hazards (e.g., 
resources of prompt fire fighting, speed limits of transport, traffic control, method of transport, 
compensation for weather conditions, lifting height restraints, and others). 

5.3.5.1 .l Onsite transport safety analysis. The packaging requirements for onsite transfer of 
fissionable material are contained in DOE 0 460.1A, formerly DOE Order 5480.3. Safety analysis 
for onsite transfers shall be in accordance with requirements in this DOE Order. The safety 
analysis, computational evaluations, and the documentation of the package safety analysis shall be 
performed in accordance with DOE Order 420.1, Section 4.3. 

5.3.5.1.2 Operating procedures. Approved operating procedures applicable to an onsite transfer 
or shipment of fissionable materials shall be posted or readily available within the loading, 
unloading, or storage areas for such materials. 
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5.3.5.2 Offsite transfers. All transfers of fissionable materials offsite shall be performed in DOE, 
NRC, or DOT approved fissionable material packages. All required administrative controls and 
procedures specified for the package use shall be performed. Such DOE, NRC, or DOT approved 
packages do not require additional criticality safety review for receipt or shipment. 

5.3.6 Posting and Labeling. Positive identification of fissionable material is essential to criticality 
safety. Adequate labeling of fissionable material and clear posting of work and storage areas in 
which fissionable materials are present are important in avoiding the accumulation of unsafe 
quantities of such materials. Detailed guidance for posting and labeling follow. 

5.3.6.1 Posting of Fissionable Material Handling, Storage, and Work Areas. Posting refers to the 
placement of signs to indicate the presence of fissionable material, to summarize key criticality 
safety requirements and limits, to designate work and storage areas, or to provide instruction or 
warning to personnel. 

5.3.6.1 .l Postings for presence of fissionable materials. The presence of significant quantities of 
fissionable material should be posted at the entrance to work and storage areas such as benches, 
hoods, glove boxes, cabinets, rooms, zones, and modules where fissionable material is handled, 
processed, or stored. Posting to identify the presence of significant quantities of fissionable 
materials may be at the entrance to work areas or storage areas, at room entrances, or entrances 
to buildings, as appropriate. Such areas shall be periodically reviewed to eliminate extraneous 
postings. For example, criticality safety requirements should be posted only for those gloveboxes 
or rooms currently containing, or that are intended to contain, significant quantities of fissionable 
material in the near future. Postings should be coordinated with the current list of required 
postings and ongoing implementation of nuclear criticality safety evaluations and analyses. 
Postings should be consistent with good human factors practices. 

5.3.6.1.2 Symbol. The identification symbol used to identify the presence of all fissionable 
materials should be as specified in ANSI Standard No. 12.1 and is referred to as the “fissionable 
material symbol.” See Figure 5.3.6.1.2-1. The fissionable material symbol consists of three 
curved bars around the standard radiation symbol with the word “fissionable” superimposed on the 
bars. The symbol shall be magenta, purple, or black on a yellow background. 

Figure 5.3.6.1.2-1. Fissionable material symbol 

5.3.6.1.3 Storage postings. For fissionable material storage locations, criticality safety limits 
should be posted in conspicuous places near such storage locations. Postings should include, as 
appropriate, the following information: type of fissionable material, containers, and packages 
allowed; mass, number of units, surface density, and volume allowed; moderation limits; and 
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spacing limits. However, in the case of spent fuel storage pools, such postings need only contain 
criticality safety limit information, such as “only one assembly in motion at a time.” 

5.3.6.1.4 Process limits. For process areas, limits and controls that are controllable or observable 
by an operator should be posted at each work station as necessary to supplement operating 
procedures (e.g., Hood Limit - 15 one-liter bottles). However, care should be exercised to avoid 
posting so many limits that confusion develops. 

5.3.6.1.5 Uniformity of postings. Each process facility should develop facility-specific criteria to 
be used as a basis for determining the limits and controls to be posted versus those controls that 
will only appear in operating procedures. 

5.3.6.1.6 Administrative control postings. For laboratories or other areas using administrative 
mass control limits for individual labs, groups of labs, or isolated locations, such limits should be 
posted at the entry of each such area. 

5.3.6.1.7 Precautions or prohibitions. Criticality safety precautions or prohibitions related to fire 
fighting such as prohibitions or precautions in the use of water, use of fog nozzles only, and 
limitations of direct high pressure water sprays should be posted at the entrance to areas 
containing fissionable material, as appropriate. These should be designed to be readable under 
poor lighting conditions and resistant to damage from fire and water. 

5.3.6.1.8 Visibility of postings, operator aids. Text of postings for criticality safety should be easy 
to read; non-verbal items such as fuel assembly identification silhouettes and process mimic boards 
should be equally discernible. Each posting or operator aid should be located in such a manner that 
it may be easily seen while the operator is performing duties to which that operator aid applies. 

5.3.6.2 Labeling Requirements for Fissionable Material. Labeling refers to the placement of clear 
and positive identifying markings on specific units or batches of fissionable material such as cans, 
packages, containers, birdcages, boxes, reactor fuel assemblies, and targets to prevent their being 
mistaken for other materials. If practical, labels should clearly show the type and amount of 
fissionable material present. 

5.3.6.2.1 Label. For the purposes of this Guide, label may be interpreted to mean a label, an 
identification/serial number, or a tag affixed to the fissionable material assembly, container, or 
equipment. Wherever practical, labels should be machine readable or integral with a machine 
readable code, e.g., bar code. 

5.3.6.2.2 Attachment. Containers of fissionable material received from offsite that meet the 
requirements of DOE 0 460.1A, formerly DOE Order 5480.3, should have a label affixed unless an 
unusually high radiation dose will result. If an unusually high dose will result from labeling, the 
nuclear criticality safety organization should be advised and should determine an appropriate course 
of action consistent with the intent of this section. 

5.3.6.2.3 Contained information. Labels should clearly show all information necessary to ensure 
adequate identification of fissionable materials. Generally, this information includes the type, form, 
moderation, enrichment, and quantity of fissionable material. 

5.3.6.2.4 Specialized needs. Labels may be developed by each division or fissionable material 
control area to suit their own needs. However, when fissionable materials or containers of 
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fissionable material are to be transported between facilities onsite, the sending and receiving 
facilities should agree in advance on the type of labeling required. 

5.3.6.2.5 Unirradiated reactor fuel/targets. Label requirements for unirradiated reactor fuel and 
targets should consist of a unique serial number etched/machined onto each reactor fuel element 
and target and accompanying paperwork/cards, matched to each serial number (which provides the 
type of information described in paragraph 5.3.6.2.3). 

5.3.6.2.6 Irradiated reactor fuel/targets. Label requirements for irradiated reactor fuel elements 
and targets should be similar to those for unirradiated reactor fuel elements and targets. However, 
irradiated fuel/target labels should contain information such as fuel element/assembly serial 
numbers matched to paperwork containing information of the type described in paragraph 
5.3.6.2.3. 

5.3.6.3 Empty containers. Fissionable material containers that no longer contain fissionable 
material (other than that present as residual contamination) should be labeled as empty or as 
unloaded, as appropriate, or the old fissionable material labeling should be unmistakably crossed 
out, unless the absence of fissionable material is readily apparent. 
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5.4 CRITICALITY ACCIDENT ALARM AND DETECTION SYSTEMS. At a nonreactor nuclear 
installation, criticality accident alarm systems (CASs) shall be provided to minimize, by means of 
quick detection and immediate evacuation alarm, the total risk incurred, and the total dose 
received, by personnel from a criticality accident. Exceptions to this requirement are provided in 
paragraph 5.4.3. Another purpose of the CAS is to notify people to stay clear of the evacuated 
area and to notify appropriate response teams. In general, CASs shall be provided wherever it is 
deemed that they will result in a reduction in total risk. Consideration shall be given to hazards that 
may result from false alarms. 54 Criticality accident detection systems (CDS), without immediate 
evacuation alarms, shall be provided for certain situations to permit delayed response or execution 
of mitigating actions to terminate the criticality, protect equipment, and reduce dose to personnel.55 

Unless management directs otherwise, the Criticality Safety Organization should have lead 
responsibility for performing CAS analyses and evaluations. However, instrumentation, controls, 
and alarms for criticality safety may be treated as a subset of other engineering disciplines. In any 
event, management should clearly designate responsibilities and authorities regarding the CAS, 
CDS, and interconnecting systems or devices5’ 

5.4.1 Conditions for CAS Coverage. CASs shalP7 be installed and maintained operational for all 
facilities in which 

l areas accessible to personnel where the maximum foreseeable absorbed dose in free air 
due to a credible criticality accident may equal or exceed 12 rad. For the purpose of this 
evaluation, the maximum integrated yield over the duration of the accident may be 
assumed to be no more than 2 x 10” fissions, however, it is strongly recommended that 
facility-specific analyses be performed whenever practical to determine the appropriate 
criticality accident yield and time evolution, and 

0 the probability of occurrence of criticality is greater than 10e6/yr, based on quantitative 
analysis or engineering judgment, and 

0 the quantities of fissionable material to be handled, processed, or stored may exceed 
700 g 235u, 500 g 233U, 450 g 23gPu, 450 g of any combination of the three isotopes, or 
the subcritical limits specified in ANSVANS-8.15-1981 ,R87. Individual areas may be 
considered unrelated when the boundaries between the areas are such that there can be 
no interchange of material between the areas, the minimum separation between adjacent 
areas is at least 10 cm, and the areal density of fissionable material averaged over each 
individual area is less than the fissionable equivalent mass of 50 g235U/m2. 

54ANSI/ANS-8.3-1 986, section 4.1 .l . 

55DOE 0 420.1, Section 4.3. 

56ANSI/ANS-8. l-l 983,R88, section 4.1.1. 

57DOE 0 420.1, Section 4.3. 
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5.4.2 Conditions for CDS Coverage. CDS coverage shall be provided6* 

0 for areas accessible to personnel where the maximum foreseeable absorbed dose in free 
air due to a credible criticality accident will not exceed 12 rad. For the purpose of this 
evaluation, the maximum integrated yield over the duration of the accident may be 
assumed to be no more than 2 x 10” fissions, however, it is strongly recommended that 
facility-specific analyses be performed whenever practical to determine the appropriate 
criticality accident yield and time evolution, and 

0 for criticality accidents having a probability of occurrence greater than lo-‘/yr, based on 
quantitative analysis or engineering judgment, and 

0 when the quantities of fissionable material to be handled, processed, or stored may 
exceed 700 g 235u, 500 g 233u, 450 g 23gPu, 450 g of any combination of the three 
isotopes, or the subcritical limits specified in ANSVANS-8.15-1981 ,R87. Individual areas 
may be considered unrelated when the boundaries between the areas are such that there 
can be no interchange of material between the areas, the minimum separation between 
adjacent areas is at least 10 cm, and the areal density of fissionable material averaged 
over each individual area is less than the fissionable equivalent mass of 50 gz3%j/m2. 

5.4.3 Conditions Not Requiring CASs and CDSs. CASs and CDSs are not required at nonreactor 
nuclear installations for the following circumstances: 

5.4.3.1 Shielded Operations. Examples are spent fuel in underwater storage pools, hot cells, and 
buried waste. 

CASs and CDSs are not required underwater in spent fuel storage pools provided sufficient water 
shielding is maintained above the fuel to protect personnel. However, there should be a means to 
detect fission product gases or other volatile fission products in occupied areas immediately 
adjacent to the storage pool unless no fission products are likely to be released. 

CASs and CDSs are not required for hot cells in which either the potential for a criticality accident 
is incredible, or in which the potential for a criticality accident is credible but the resulting dose 
from the maximum criticality event is less than 12 rad at the outer surface of the hot cell. In any 
event, the cause of any anomalous personnel or area dosimetry results in the vicinity of the hot cell 
should be investigated, and there should be a means to detect fission product gases or other 
volatile fission products in occupied areas immediately adjacent to the hot cell unless no fission 
products are likely to be released. 

CASs and CDSs are not required for burial grounds where either the potential for a criticality 
accident is incredible, or the potential for a criticality accident is credible but the resulting dose 
from the maximum criticality event is less than 12 rad at the surface of the burial ground. In any 
event, the cause of anomalous personnel or area dosimetry results in the vicinity of burial grounds 
should be investigated. 

5.4.3.2 Licensed/certificated packages. CASs and CDSs are not required for fissionable material 
during shipment or for material packaged in approved shipping containers awaiting transport or 

58DOE 0 420.1, Section 4.3. 
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awaiting unpacking provided: (1) that there is no credible criticality accident that could occur while 
the containers are on a loading dock or in a staging area; (2) that there are no other operations with 
fissionable material not so packaged on the loading dock or in the staging area; and (3) that 
neutron interaction between the shipping containers and other fissionable materials in adjoining 
areas is essentially zero. 

5.4.3.3 Incredibility. CASs and CDSs are not required where a documented analysis concludes 
that no credible set of circumstances can initiate a criticality accident. 

5.4.4 Design Requirements. The following provides example design and performance criteria for 
the CAS. 

5.4.4.1 Characteristic radiation detection. The CAS shall be capable of detecting excessive 
amounts or intensities of radiation due to a criticality event and to signal immediate personnel 
evacuation. The type of radiation to be detected and the mode of detection should be uniform 
throughout the system.6g However, the type of radiation detected and the mode of detection shall 
be consistent with the environment, radiation background, shielding, and characteristic radiation 
that may be observed from the postulated criticality accidents. 

5.4.4.2 Alarm logic. Trip logic for the CAS units should be based on a l-out-of-2 detector voting 
logic, or.on a 2-out-of-N detector voting logic where N 2 3. That is, either l-out-of-2 or 2-out-of-N 
detectors shall trip (due to high radiation or detector/unit failure) in order to initiate an alarm. For N 
detectors when N > 2, (N-m) could be required to alarm, when (N-m) 2 2. Consideration shall be 
given to the avoidance of false alarms by providing reliable single detector channels or by requiring 
detector voting logic described above.60 

5.4.4.3 Trouble warning. A criticality alarm unit shall not produce an evacuation signal due to 
component failure. Instead, a visible or audible warning signal shall be provided at some normally 
occupied location to indicate system malfunction or loss of primary power. Failure of any single 
channel shall not prevent compliance with other CAS radiation detection criteria.” 

5.4.4.4 Alarm purpose. The alarm signal shall be for immediate and rapid evacuation purposes 
only and shall be of sufficient volume to be heard in all areas to be evacuated (see paragraph 
5.4.4.16).62 However, areas with high noise levels may require alarm lights as well. 

5.4.4.5 Resistance to detector saturation. Detectors shall not fail to initiate an alarm because of 
radiation saturation when exposed to a radiation field of at least 10 rad63 nor when subjected to the 

59ANSI/ANS-8.3-l 986, section 4.3. 

60ANSI/ANS-8.3-l 986, section 4.5.1. 

6’ANSI/ANS-8.3-l 986, sections 5.4 and 4.5.1. 

62ANSI/ANS-8.3-l 986, section 4.4.1. 

63ANSI/ANS-8.3-l 986, section 4.5.4. 
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maximum criticality accident of concern. The CAS signal, once activated, shall remain activated 
until reset (see paragraph 5.4.4.6) as required by emergency procedures.s4 

5.4.4.6 Alarm resets. Manual resets, with limited access, should be provided outside the areas to 
be evacuated. 

5.4.4.7 Automated alarming. The immediate evacuation alarm shall be automatically activated by 
a criticality accident without the need for human action.65 

5.4.4.8 Response testing. The CAS units should be designed such that testing of the alarm 
system response and performance may be accomplished without requiring evacuation. A CAS unit 
shall be returned to operating condition immediately following tests or maintenance.“6 

5.4.4.9 Minimization of false alarms and system vulnerability. CAS unit design shall incorporate 
features that reduce, to the extent reasonable, the frequency of false alarms and system 
vulnerability to external events, facility modifications, maintenance, or hazardous process 
conditions. All components of the system should be located to minimize damage in case of fire, 
explosion, corrosive atmosphere, or other extreme conditions.s7 

5.4.4.10 Backup power supply. A backup power supply shall be provided for CAS units6’ that is 
capable of supplying power to the units for a time period specified in the LCO. 

5.4.4.1 1 Seismic resistance. In buildings designed to withstand the site-specific design basis 
earthquake or equivalent value specified by the Uniform Building Code, the design of new CASs 
should be resistant to earthquakes and should remain functional in the event of seismic shock 
equivalent to the site-specific design basis earthquake or the equivalent value specified by the 
Uniform Building Code.6g 

5.4.4.12 Response time. A CAS unit shall produce an immediate evacuation signal within 0.5 
second of activation by the minimum accident of concern.7o 

5.4.4.13 Detection criteria. In areas affording only nominal shielding of the detectors from a 
nuclear criticality accident, the minimum accident of concern may be assumed to deliver the 
equivalent of an absorbed dose in free air of 20 rad at a distance of 2 m from the reacting material 

64ANSI/ANS-8.3-l 986, section 4.4.9. 

65ANSI/ANS-8.3-l 986, section 4.4.6. 

66ANSI/ANS-8.3-l 986, section 6.6. 

67ANSI/ANS-8.3-l 986, sections 5.1 and 5.2. 

68ANSIIANS-8.3-l 986, section 4.5.3. 

69ANSI/ANS-8.3-l 986, section 5.5. 

“ANSVANS-8.3-1986, section 5.5. 
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within 60 seconds. The alarm signal shall activate promptly when the dose rate at the detectors 
equals or exceeds a value equivalent to 20 rad/minute at 2 m from the reacting material.7’ To 
minimize false alarms, the trip point may be set as high as practical as long as the above criterion is 
met. 

5.4.4.14 Sensitivity. The CAS shall be designed such that instrument response and alarm latching 
occur as a result of transients of 1 ms (or more) duration. 72 To minimize false alarms, the trip point 
should be more than 10 mrad/h above normal or operational background at the monitoring point 
and may be set as high as practical as long as the criteria of paragraph 5.4.4.13 is met. Neutron 
detection system trip points may be set differently based on independent analysis. 

5.4.4.15 Spacing. The spacing of detectors shall be consistent with the selected alarm trip point 
and with the detection criterion of paragraph 5.4.4.1 3.73 

5.4.4.16 Signal. A sufficient number of CAS alarm signal generators shall be installed so that the 
following obtain. 

a. They shall produce a mid-frequency complex sound wave that may be amplitude 
modulated at a subsonic frequency. The fundamental frequency should not exceed 1000 
Hz. Modulation should be at a rate less than 5 Hz. 

b. They should produce an overall sound pressure level that is not less than 10 dB above 
the overall maximum typical ambient noise level, and in any case not less than 75 dB 
(referenced to 20pN/m2) at every location from which immediate evacuation is deemed 
essential. 

C. They should not produce an A-weighted sound level in excess of 115 dB (referenced to 
20pN/m2) at the ear of an individual. 

Note: If hearing protection is required, the sound level may be measured inside hearing- 
protection devices, or visible alarm systems may be substituted. 

5.4.4.17 Reliability. The CAS shall be designed for high reliability and should utilize components 
that do not require frequent servicing.74 

The system should be designed to minimize the effects of nonuse, deterioration, power surges, and 
other adverse conditions. 

The design of the system should be as simple as is consistent with the single objective of reliable 
activation of the alarm. 

“ANSVANS-8.3-1986, section 5.6. 

72ANSI/ANS-8.3-l 986, section 5.7.1. 

“ANSIIANS-8.3-1986, section 5.8. 

74ANSI/ANS-8.3-l 986, section 5.1. 
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5.4.5 Testing. Initial installation and subsequent tests shall be performed to provide confidence in 
system functionality.75 

5.4.5.1 Initial. Initial testing and inspections of CASs shall verify that the fabrication and 
installation were made in accordance with design plans and specifications.76 

5.4.5.2 Post repair. Following significant modification or repair to a CAS, the system shall be 
tested and inspected in a manner equivalent to initial installation tests and inspections.77 

5.4.5.3 Radiation. CAS response to radiation shall be measured periodically to confirm continuing 
instrument performance. The test interval may be determined on the basis of experience; however, 
without a documented technical basis justifying lesser frequencies, tests should be performed at 
least monthly, and CASs should be recalibrated at least annually. Records of tests and 
recalibrations shall be maintained.” 

5.4.5.4 Periodic. The entire CAS alarm system shall be tested periodically (at least annually). 
Field tests should verify (at least quarterly) that the signal is audible above background noise 
throughout all areas to be immediately evacuated. All personnel in affected areas shall be notified 
in advance of an audible tesL7’ 

5.4.5.5 Corrective Action. When tests reveal inadequate CAS performance, corrective action shall 
be taken without unnecessary delay.” 

5.4.5.6 Procedures. CAS testing procedures shall be developed to minimize false alarms caused 
by testing and to return the system to normal operation following a test.” 

5.4.5.7 Records. All tests and corrective actions shall be recorded for each CAS and CAS unit. 
The records are to provide information on the system operability and help to identify sources of 
failures.82 

75ANSI/ANS-8.3-l 986, section 6. 

76ANSI/ANS-8.3-l 986, section 6.1. 

“ANSVANS-8.3-1986, section 6.2. 

78ANSI/ANS-8.3-l 986, section 6.3. 

79ANSI/ANS-8.3-1 986, section 6.4. 

80ANSI/ANS-8.3-l 986, section 6.5. 

81ANSI/ANS-8.3-1 986, section 6.6. 

82ANSI/ANS-8.3-l 986, section 6.7. 
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5.4.6 Location Analysis. 

5.4.6.1 Shielding and location analysis. Installation management shall ensure that CAS shielding 
and location analyses and configuration control programs exist for all installed CASs, and that the 
Criticality Safety Organization has participated in these analyses as mentioned in paragraph 
5.1.8.1 6.63 

The location and spacing of detectors should be chosen to avoid the effect of shielding by massive 
equipment or materials. 

5.4.6.2 Yield estimation. As indicated in paragraph 5.1.8.23, the installation Criticality Safety 
Organization is responsible for estimating each facility maximum criticality accident yield to be used 
in safety analysis reports, alarm placements, and emergency preparedness. 

5.4.7 Familiarization with Operation. 

5.4.7.1 CAS alarm response. Instructions regarding the proper response to a CAS alarm signal 
(audible or visible) and the criticality accident evacuation routes shall be posted throughout the area 
covered by the CAS.64 

5.4.7.2 Emergency procedures. Emergency procedures shall be prepared by each FMCA and shall 
clearly designate CAS evacuation routes. Evacuation should follow the quickest and most direct 
routes practicable. Evacuation routes should be clearly identified and should avoid recognized areas 
of higher risk. 65 In addition, CAS evacuation routes should be established such that there is no 
confusion with other emergency postings such as radiological hazard or toxic gas alarms or 
postings. The Criticality Safety Organization should verify that evacuation routes are adequately 
posted. 

5.4.7.3 Signal familiarization. All employees whose work may necessitate their presence in an 
area covered by a CAS alarm signal shall be made familiar with the sound of the signal (and 
location and appearance of the light, if applicable).86 

5.4.7.4 Signal demonstration. Before placing a new CAS in operation, all employees normally 
working in the area shall be acquainted with the signal by actual demonstration at their work 
locationse7 

5.4.7.5 Periodic alarm signaling. To maintain familiarization and acquaint new employees and 
transferees into the area, the signal should be sounded during working hours after notifying all 

83DOE 0 420.1, Section 4.3. 

84ANSIIANS-8.3-l 986, section 7.1. 

85ANSI/ANS-8.1 9-l 996, section 10.3. 

86ANSI/ANS-8.1 9-l 996, section 7.2.1. 

87ANSI/ANS-8.1 9-l 996, section 7.2.2. 
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concerned, including non-regular shift employees. This activity may be combined with the annual 
evacuation drills discussed in paragraph 5.4.7.6 but should be performed quarterlya if no other 
means of familiarization are used. Use of recordings to familiarize new employees/transferees may 
be used in lieu of quarterly alarm activations. 

5.4.7.6 Annual evacuation drills. Evacuation drills shall be conducted at least annually, and should 
be preceded by written notice, posted signs, or voice announcement. Surprise test evacuations 
shall not be conducted.6g 

5.4.7.7 Visitor training. Untrained visitors to an area covered by a CAS should be instructed in 
the proper response to a CAS alarm and escorted consistent with FMCA entry requirements or as 
necessary to maintain control. 

88ANSIIANS-8.1 9-l 996, section 7.2.3. 

89ANSI/ANS-8. 19-l 996, section 7.3. 
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5.5 EMERGENCY PREPAREDNESS. Each installation where criticality accident alarm systems are 
installed shall have an emergency preparedness plan, program, and capabilities to respond to 
credible nuclear criticality accidents. In addition, organizations, local and offsite, that are expected 
to respond to emergencies shall be made aware of conditions that might be encountered, and they 
should be assisted in preparing suitable procedures governing their responses.g0 For a somewhat 
more detailed discussions, see Reference 2.3.1 .l 1, section 10, and Reference 2.3.1.15. 

The reader is referred to “A Review of Criticality Accidents” by William R. Stratton (paragraph 
2.3.2.6 of this Guide) for detailed discussions of some of the criticality accidents that have 
occurred in the past, and to “An Updated Nuclear Criticality Slide Rule” (paragraph 2.3.2.10 of this 
Guide) for a tool to provide capability for the continuing updating of accident information during the 
evolution of emergency response. 

90ANSI/ANS-8. l-l 983,R88, section 4.1.7. 
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5.6 NUCLEAR CRITICALITY SAFETY CONTROL PRINCIPLES AND METHODS. This section 
provides nuclear criticality safety principles, practices, and control methods to be used for 
prevention of criticality accidents. An assessment of a design should be made as early as practical 
to determine if the potential for a criticality accident exists. 

The decreasing order of preference for establishing subcritical limits (as specified in ANSVANS- 
8.1 jgl should be experimental data, computational methods benchmarked against experimental 
data, and computational methods which extend the area of applicability of experimental data with 
an adequate additional margin of subcriticality. Except for instances relying upon broadly peer 
reviewed evaluations of “critical,” ” subcritical,” and “safe” values determined from applicable data 
measurements such as in Nuclear Criticality Control of Special Actinide Elements”, the use of 
completely non-benchmarked, non-validated computational methods is inconsistent with 
ANSUANS-8.1 and is unacceptable. Without some form of validation or logical theoretical basis, 
there is no way to determine an adequate margin of subcriticality or margin of safety. 

Nuclear Criticality Safety Evaluations (NCSEs) should utilize cost-effective conservatism whenever 
practical. NCSEs should include logical explanations of how design features, controls, and planned 
responses to events are conservative, simple, and consistent, and how they encompass all credible 
scenarios. Where practical, NCSEs should also include numeric comparisons between measurable 
parameters affecting criticality safety. Conservative assumptions involving these parameters 
increase the calculated effective multiplication factor compared to actual conditions or non- 
conservative assumptions. However, conservatism is different from setting a minimum safety 
margin such as requiring that the calculated effective multiplication factor not exceed a specified 
value, often 0.95, after the occurrence of any single contingency. (See paragraph 5.6.1 .l , item 
14, for further discussion of keff limits.) 

Specific items to be considered in making these comparisons include uncertainties in chemical and 
isotopic compositions, manufacturing tolerances, minor deviations, and other random variations in 
critical experiments as well as in all actual and postulated situations to be evaluated for criticality 
safety. For example, when performing criticality safety calculations for slurries of uranium oxide, it 
is customary to assume that the uranium is at the maximum enrichment permitted in the facility, 
the oxide is at the most reactive credible density, and water fills all voids resulting in maximum 
reactivity. It is also customary to perform a parametric search to find the solid/liquid ratio that 
yields highest k,,, and use that ratio to derive controls. However, it is not necessary that each 
simplifying assumption be shown to increase calculated k,. It is only necessary that the overall 
result of interpretations of data, assumptions, approximations, and simplifications (as either inputs 
to, or outputs from, evaluations, analyses, and supporting documents) be conservative, and that 
this is clearly documented. That is, it is acceptable if some individual simplifying assumptions 
decrease reactivity, or if the effect on reactivity is indeterminate as long as the documentation 
makes it clear that, overall, the actual margin of safety meets or exceeds the minimum margin 
required. Also, it is acceptable if the actual safety margin is quite different for different cases as 
long as there is a clear rationale for the trend and unless the degree of conservatism is excessive. 
Excessive conservatism is any approximation or combination thereof that results in an excessive 
safety margin and thus needlessly hinders the mission of the facility or usurps resources. Details 
concerning Nuclear Criticality Safety Evaluations can be found in DOE-STD-3007-93, “Guidelines 

g1ANSI/ANS-8.1-l 983,R88, section 4.2.5. 

g2ANSI/ANS-8.1 5-l 981 ,R87. 
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for Preparing Criticality Safety Evaluations at Department of Energy non-Reactor Nuclear Facilities,” 
paragraph 2.3.2.3 of this Guide. 

Geometry of single objects of fissionable material or shape and size of the fissionable material 
inside containers, and assumptions about or changes thereto, often play a dominant role in 
conservatism. Fortunately, in almost all cases of single fissionable units, circular geometries such 
as spheres and cylinders with height approximately equal to diameter are more reactive than other 
geometries for the same volume and contents. Also, an out-of-round or dented cylinder typically 
will be less reactive than a perfectly circular one. A typical conservative approximation is to model 
a fissionable material mixture whose shape is uncontrolled as a sphere because a sphere has the 
lowest neutron leakage ratio and is thus the most reactive shape in practically all cases. (Refer to 
E. D. Clayton’s “Anomalies of Nuclear Criticality,” (paragraph 2.3.2.3 of this Guide) for exceptions 
to this and other conservative simplifications.) This example achieves two desirable goals: first, it 
encompasses all possible shapes, and second, it greatly simplifies the calculations. However, not 
every case of increasing size or changing shape to increase reactivity qualifies as a conservatism. 
For example, increasing the inside diameter of a cylindrical dissolver in a calculational model to 
allow for corrosion over the dissolver’s expected service life is not in itself a conservatism, because 
at some point the inside diameter may achieve the value used in the evaluation. To be 
conservative, the engineering calculation that yielded the corrosion allowance shall also include all 
associated uncertainties in projected usage of the dissolver. 

Conservatism is closely linked with other safety principles and practical considerations such as the 
need for consistency and simplicity in applying criticality safety. For example, rounding down mass 
limits on fissionable material quantities to a set of consistent, easy to remember values creates 
many conservative simplifications. However, adopting a uniform set of limits may cause the 
degree of conservatism to vary widely from place to place in the facility; exceptions to rote 
consistency may be warranted to avoid excessive conservatism. One should strive for a practical 
balance between excess conservatism arising from overly simplified, too-consistent limits and 
confusion that may arise from having too many exceptions. Worker knowledge should be 
continually tested, and operational mistakes should be reviewed to determine if the set of limits is 
too complex or whether conservatism can be safely relaxed. 

5.6.1 Double-Contingency Principle (Application). Criticality prevention shall be based upon the 
Double-Contingency Principle (Application) of DOE Order 420.1, Section 4.3, which states (with 
explanatory text shown in square brackets): 

Process designs [and storage areas1 shall incorporate sufficient factors of safety to require at 
least two unlikely, independent, and concurrent changes in process conditions (contingencies] 
before a criticality accident is possible. Protection [or defenses against the two contingencies] 
shall be provided by either (i) the control of at least two independent process [nuclear] 
parameters -- which is the approach that is completely consistent with the Double 
Contingency Principle as stated in ANSVANS-8.1-1998 and which, when practical, is the 
approach preferred by DOE to be taken to prevent common-mode [and common-cause] failure, 
or (ii) a system of multiple controls on a single process [nuclear] parameter, which shall be the 
alternative approach to be taken only when the preferred approach is shown to be impractical. 
The number of controls required on a single controlled process parameter shall be based upon 
control reliability and any features that mitigate the consequences of control failure. In all 
cases, no single credible event or failure shall result in the potential for a criticality accident, 
except as referenced in the paragraph that follows. 
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An exception to the application of double contingency, where single contingency operations 
are permissible, is presented in paragraph 5.1 of ANSVANS-8.1 O-l 983,R88. This exception 
applies to operations with shielding and confinement (e.g., hot cells or other shielded 
facilities). 

Double contingency shall be demonstrated by documented evaluations. If the alternative 
approach in (ii), above, is chosen, then the rationale for such choice shall be included in the 
documented evaluation. 

The documented evaluations could be in the Criticality Safety Evaluation. 

5.6.1 .l Requirements of contingencies. Contingencies shall be independent and not be the result 
of common-cause failures. The collective judgment of operating and criticality safety staff is 
required in determining whether two events are related and consequently whether they actually 
represent two contingencies or a single contingency. For example, exceeding storage limits and 
then flooding an area would constitute two independent events; however, fire followed by flooding 
of fissile material from an automatic sprinkler system would be considered a single event. 

The following guidelines are for selecting contingencies and deriving appropriately conservative 
calculational models that bound the resultant assumed conditions. Appropriateness in 
conservatism means not only relevance, but also implies (1) realism in all aspects of evaluations, 
and (2) cost effectiveness that does not preclude consideration of reasonable alternatives. 

1. Develop and justify a set of contingencies to evaluate for criticality safety. 

a. Use other reference or other guidance documents describing contingencies, e.g., 
maximum credible flood depth in the facility. 

b. If existing guidance is not adequate, develop and justify the magnitude of each type of 
contingency and the resultant effects on nuclear criticality safety. E.g., if the maximum 
credible flood depth is two feet above floor level in a given facility, objects of or 
containing fissionable material located more than two feet off the floor may not be 
flooded. However, account for any incidental moderation and reflection of other objects 
that may occur because of the contingency. 

C. Be consistent, and explain apparent inconsistencies in the contingency selection and 
justification logic. 

d. Document the nature of, and justification for, contingencies and supplemental 
explanations. 

2. Demonstrate subcriticality for the contingencies selected for evaluation using the Double- 
Contingency Principle. See paragraph 3.62 for documentation of double contingency. 

3. Unless it would be a futile exercise or would result in economic infeasibility, perform the 
evaluation of the contingency or subset of contingencies to maximize k,,, by adopting an 
appropriately conservative calculational or handbook model. 
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a. For example, if flooding of a large container (e.g., a glovebox) is the contingency, 
assume that the water and fissionable material form a sphere that becomes optimally 
moderated and fully reflected by water. 

b. It may be necessary to refer to handbooks or perform a set of parametric calculations to 
determine optimum moderation. If necessary, parametric studies using simple models are 
relatively easy to set up, inexpensive, and easy to check. 

C. While this approach may yield restrictive limits, contingency selection, modelling, and 
interpretation errors are less likely than when using complex models. 

d. If the limits from the first cut effort by operating and criticality safety staff are not overly 
restrictive and are in harmony with other criticality safety limits, adopt them. 

4. If an appropriately conservative evaluation produces (or it is reasonable to expect that one 
would produce) unacceptably high ketts for the desired fissionable mass or other parameters, 
next consider physical and chemical factors or passive barriers that realistically prevent the 
most reactive state from occurring. 

a. Justify the assumed revision of the effects of the contingency on the fissionable material 
and associated material as necessary. 

b. It is prudent to perform parametric studies to determine the relative importance of an 
assumption, e.g., determine keffs for a range of moderation including optimum moderation 
and the perceived natural limit due to chemistry or physics of the situation versus the 
benefit of taking advantage of the phenomenon or taking credit for barriers. 

5. It is even more important to carefully consider the reliability of assumptions and barriers that 
are relied upon to reduce keff to a safe value in evaluating contingencies. This is illustrated by 
continuing the glovebox example. If the glovebox contains only finished fuel pellets of stable, 
high density oxide, the effect of the contingency of breaking a water line inside the glovebox 
may be interpreted quite differently than if the glovebox contains less stable materials. For 
typical gloveboxes, it is highly unlikely that such a line break will cause a flow rate sufficient 
to disturb fuel pellets. 

a. Therefore, the dimensions of the fuel in the calculational model may be changed to 
approximate the dimensions of a group of pellet trays, a much less reactive shape than a 
sphere. 

b. Also, the degree of moderation used in the calculations may be the relatively low 
moderation ratio that would result from water filling the small gaps between rows of 
pellets. 

C. It may reduce keff significantly further to include dimensions and orientation of the pellets 
or to approximate their shape in the model. However, modeling small items, besides 
making the model more complex, has other drawbacks; some codes and cross sections 
produce non-conservatively low ketrs unless flux- and volume-weighted cross sections are 
generated and used correctly. 
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d. Additionally, because it is not credible to flood the entire building and because 
gloveboxes are typically a few feet above the floor, it may be acceptable to assume that 
the underside of the array of pellet trays is only minimally reflected. 

e. This combination of assumptions exemplifies the concept of minimum conservatism, i.e., 
acceptable reduction in conservatism resulting from incorporation of realistic conditions 
inherent in the process being analyzed, and yields maximum limits for a given 
contingency scenario. HOWEVER, CAUTION IS INDICATED AS DISCUSSED BELOW! 

6. Another contingency scenario involving minimum conservatism for the same glovebox could 
be stacking trays of pellets (against the rules) to create a more reactive geometry while 
assuming essentially no moderation in the calculational model. Here, the assumption is that 
two unlikely, independent events will not occur concurrently. 

7. The caveat in using calculational models with minimum conservatism, especially when some 
assumptions depend upon complying with administrative controls, is that one or more 
assumptions used to create the model may become invalid concurrent with the process upset. 
This is illustrated by considering the glovebox example further. 

a. Suppose the glovebox normally contains acid, and that, because of the flooding, the lid 
to the acid bottle comes off, the acid mixes with the water, and the mixture dissolves 
the pellets partially. 

b. Or suppose that personnel store items under gloveboxes (there being no rule preventing 
this); thus, in the flooding scenario, reflection may more closely approximate full water 
reflection on all sides. Even if criticality safety establishes a rule not to store items under 
gloveboxes, that is a convenient and inviting place to store items, and it is likely that the 
rule will be occasionally ignored. 

8. Continuing the example, it is not likely that the rule mentioned above against stacking pellet 
trays will be broken. 

a. This is because only trained fissionable materials handlers have access to the insides of 
gloveboxes. 

b. Nevertheless, a combination of circumstances may occur to cause two seemingly 
independent contingencies to occur simultaneously. 

C. For example, a worker maneuvering a safe stack of trays of fuel pellets in a glovebox 
may break a water line and, being distracted by the spray of water, place these trays 
down on another stack of such trays, thus exceeding the safe stack height. While 
personnel are considering what to do, water fills the glovebox, moderating and reflecting 
this unsafe stack of pellet trays. Thus, a single initiating event may propagate and result 
in multiple contingencies, which are not truly independent in this example. 

9. Less conservatism in selecting contingencies and their effects requires more in-depth study 
and calculations, and may result in necessitating other limits and requirements that in toto 
may be just as restrictive as the low limit resulting from applying more conservatism. 
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10. Less conservatism may result in training becoming more complicated, and it may be necessary 
to review for criticality safety more frequently and more closely to ensure that subtle 
misunderstandings and changes to equipment or the facility do not invalidate assumptions 
made in the evaluation. There may be no real benefit to the organization as a whole by 
producing a larger limit based on less conservative interpretations of contingency scenarios, a 
conclusion thus garnered by using the principle of integrated safety management. 

1 1. Therefore, insofar as practical, use simple, appropriately conservative methods and models to 
address each contingency, and consider other alternatives before reducing conservatism. 
These include establishing physical barriers or administrative controls to mitigate the effects of 
contingencies. 

12. Criticality safety personnel are expected to confer with cognizant personnel to determine the 
reasonableness of models and the effect that excess or even moderate conservatism may 
have. However, experienced personnel can attest to actual situations during contingencies in 
which criticality did not occur because of conservatism in the calculational model and 
resultant limits. 

13. Conversely, contingencies should also be considered in the light of total safety. The 
consequences of accidental criticality for a given contingency or subset of contingencies may 
be overshadowed by other consequences associated with the events. 

a. In particular, there are some DOE facilities that cannot be expected to survive certain 
design basis accidents or design basis events. 

b. For example, if the non-criticality accident consequences of a contingency scenario 
would include fatality to all personnel in the area who might receive significant doses 
from a criticality, preventing criticality for that scenario is moot. 

C. Nevertheless, insofar as is practical, criticality safety controls should be established to 
protect rescue, fire-fighting, and other personnel from undue radiological exposure and 
contamination resulting from a criticality accident while they are involved in mitigating or 
recovering from contingencies. 

14. In addition, contingencies should be considered in the light of total system behavior. 
Subcriticality, when determined by k, for example, should be used to assess safety only in 
conjunction with its relation to parametric curves representing the svstem under consideration. 
For example, the often-referenced “safe” condition of keff = 0.95 could be overly conservative 
at a point on the flat of a keff vs. H/X parametric curve, but very non-conservative on the steep 
upward slope of such a curve. In addition to determining k,rr, analyses should discuss 
subcritical limits in terms of sensitivities to changes in relevant parameters (e.g., mass, 
concentration, density, enrichment, moderation, reflection). 

5.6.1.2 Scope of contingencies. Single events that are beyond Design Basis Accidents (DBAs) are 
outside the scope of double-contingency principle requirements. 

5.6.1.3 Double-contingency analysis. A double-contingency analysis shall be included as part of 
the criticality safety analysis for processes, pieces of equipment, storage, and transportation 
involving fissionable material. Additional guidance on preparation of a double-contingency analysis 
is provided in paragraph 5.7.7.1. 
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5.6.1.4 Contingency controls reliability. Contingency barriers (controls) are engineered safety 
features, parameter limits, and other administrative controls that render a contingency unlikely or 
mitigate its effects. These barriers should be made highly reliable such that each contingency, 
including credit for mitigation, should have an estimated return period of less than 10e2/yr. 
Engineering judgment may be the basis of making a determination that a control is highly reliable. 
Guidance on failure probabilities of contingency barriers (controls) that are acceptable are provided 
in references 2.2.2.8 and 2.3.1 .18. In addition, efforts should be directed toward maintaining the 
estimated recurrence interval for a criticality accident to a value less frequent than 10e4/yr at any 
given nonreactor nuclear facility. See also paragraph 5.7.7.1. 

5.6.1.5 Contingency control margin of subcriticality. No single contingency shall result in k,, 
exceeding the upper subcritical limit as discussed in paragraphs 5.8.4 and 5.8.5 or as developed 
from directly applicable critical or subcritical experimental measurements. Nuclear parameters that 
are not controlled to some limit shall be assumed to take the most reactive credible values when 
determining whether kaM could exceed the upper safety limit. 

5.6.1.6 Treatment of dependent contingencies. If contingency barriers are not independent, 
common causes should be identified, such as common power supplies, common methods of 
calibration, common components, and steps taken to remove common-cause failure dependencies 
to the extent practical. If common-cause failures of contingency barriers cannot be eliminated, the 
common-cause may be acceptable if the common features can be shown to fail in a manner that 
maintains the minimum margin of subcriticality for any given contingency. 

5.6.1.7 Identification of engineered or administrative controls. Each passive engineered control, 
active engineered control, or administrative control (see paragraphs 5.7.4.1 .I - 5.7.4.1.3 below) 
associated with a contingency barrier shall be configuration controlled.g3 Engineering drawings 
should also identify such contingency barriers. 

5.6.1.8 Exception from Double-Contingency Principle. Application of the Double-Contingency 
Principle shall not be required for contingencies that are highly unlikely. Highly unlikely is defined 
as an estimated annual frequency of occurrence of less than 10e4/yr. That is, from an analysis 
standpoint, the potential for criticality as a result of a single contingency may be acceptable as long 
as the estimated annual occurrence of that contingency is less than 10e4/yr. Examples of such 
events are (1) earthquake in spent fuel storage basin, and (2) evaporation in a tank containing a 
solution of fissionable material under concentration control. If there is no substantive basis for 
estimating that a potential accident scenario is highly unlikely, whether by probabilistic assessment, 
engineering judgment, or data, then the double-contingency principle shall be applied. Sound 
engineering judgment should always be used. When an inadequate data base exists for estimating 
event probabilities, then sound, risk-informed engineering judgment dictates use of double 
contingency. However, see paragraph 5.6.1 .l 1 below. See also paragraph 5.7.7.1. 

5.6.1.9 Preferred hierarchy of controls. To the extent practicable, contingency barriers should 
employ passive engineered controls over active engineered controls over administrative controls. 

5.6.1.10 Avoidance of administrative controls. All reasonable efforts should be directed toward 
avoiding the use of administrative controls only (see paragraph 5.7.4.1.3 below) as the sole barrier 
to a criticality accident. 

93ANSI/ANS-8.1-1983,R88, sections 4.1.3, 4.2.3, and 4.2.4. 
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5.6.1.1 1 Exemption from double-contingency principle. If “double-contingency” protection cannot 
be provided, an exemption from DOE Order 420.1, Section 4.3 shall be obtained. 

5.6.2 General Nuclear Criticality Safety Control Principles and Practices. The following are 
principles and practices used in the control of nuclear parameters. 

5.6.2.1 Safety assurance. Nuclear criticality safety should not be compromised for the sake of 
expediency, production, or economic pressure. 

5.6.2.2 Potential criticality assessment. An assessment of a facility or equipment design should 
be made as early as practical to determine if the potential for a criticality accident exists. When 
such potential exists, facility and equipment designs shall meet applicable DOE Orders, ANSVANS 
standards, and other regulations related to nuclear criticality safety. 

5.6.2.3 Burn-up credit. Criticality safety evaluations for undissolved reactor fuels and targets 
should be based on beginning-of-life (pre-irradiation) fissionable material concentrations and 
enrichments except when irradiation depletes lumped absorbers or increases fuel reactivity (burn-up 
debit) or when specific power histories and burn-up are technically demonstrated. 

5.6.2.4 Storage. Storage of fissionable materials should be consistent with the guidance provided 
in paragraphs 2.3.1.5, 2.3.1.6, 2.3.1.8, 2.3.1.10, and 2.3.1.13, 2.3.1.14, 2.3.1.15, unless 
specific nuclear criticality safety evaluations have been performed. 

5.6.2.5 Special actinide element evaluations. Criticality safety control of special actinide elements 
should be consistent with paragraph 2.3.1.9, unless specific validated and verified nuclear 
criticality safety evaluations have been performed. Additional information is presented in 
“Criticality and Fissionability Properties of Selected Actinide Nuclides” (paragraph 2.3.2.7 of this 
Guide). 

5.6.2.6 Subcritical neutron multiplication measurements. Subcritical neutron multiplication 
measurements should be consistent with guidance in paragraph 2.3.1.4. 

5.6.2.7 Criticality accident alarm systems. The implementation and functioning of, and employee 
familiarization with, criticality accident alarm systems should be consistent with paragraph 2.1 .I 3 
and Section 5.4. 

5.6.2.8 Process and equipment design. Design of processes or equipment should make proper 
operation convenient and misoperation either inconvenient or impossible. 

5.6.2.9 Process analysis. Before beginning an operation involving fissionable materials, or 
changing an existing operation, it shall be determined that the entire process will be subcritical 
under both normal and credible abnormal operating conditions. Care shall be exercised to 
determine those conditions that result in the maximum effective neutron multiplication factor.s4 

5.6.2.10 Bases for subcriticality. The basis for establishing subcriticality should be identified for 
all significant conditions at each step in the process. In the case of established facilities or 
operations, this may consist of references to appropriate existing criticality safety analyses. 

94ANSI/ANS-8.1 -1983,R88, section 4.1.2. 
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5.6.2.11 Operating procedures. Routine operating limits should incorporate safety margins to 
protect against uncertainties in process variables and against a limit being accidentally exceeded. 

5.6.2.12 Exempt quantities of fissionable materials. The Criticality Safety Organization for each 
installation, site, and/or facility shall justify and document the quantities of fissionable materials 
that do not require Nuclear Criticality Safety Evaluations and do not require criticality safety 
controls. 

5.6.3 Nuclear Parameters Important to Nuclear Criticality Safety and Their Control. Control of one 
or more of the following nuclear parameters shall be incorporated into the design, operation, and 
administration of a fissionable material facility to the extent necessary to ensure conformance to 
the principles set forth in paragraphs B.l and 5.6.1. Care should be taken for such designs of 
potential safety systems with attendant inspection and surveillance, as appropriate. More detailed 
information about the control of these nuclear parameters may be found in Section 5.7. 

5.6.3.1 Geometry control. Geometry control is the limitation of dimension and geometry to 
provide inherently “geometrically safe” or “geometrically favorable” containers, vessels, drains, and 
sumps for fissionable materials. 

5.6.3.1 .I Equipment design reliance. Where practical, reliance should be placed on equipment 
design in which dimensions are limited (geometry control). Full advantage may be taken of any 
nuclear characteristics of the process materials providing that their presence has been verified and 
is monitored for continuing presence. All dimensions and nuclear properties upon which reliance is 
placed shall be verified prior to beginning operation, at appropriate intervals, and if significant 

. . changes are made or discovered.g5 

5.6.3.1.2 Fissile solution transfers. Where fissile solution transfer between geometrically 
favorable and geometrically unfavorable vessels is possible, at least one passive or two active 
means of control such as block valves or pipe blanks (in addition to administrative means of 
control) should be used to prevent inadvertent transfers. 

5.6.3.1.3 Allowances with geometry control. When using geometry control, allowances shall be 
made for corrosion, distortion, erosion, and manufacturing tolerances. If distortion is a potential 
problem, steps should be taken to prevent it such as pressure relief valves, internal stay-bolts, 
rupture discs, heavier wall thickness, external bracing, and the use of more inherently stable 
geometries. In addition, subcriticality shall be based on the worst credible geometry conditions. 

5.6.3.1.4 Control monitoring. Nuclear criticality safety controls should include provisions for 
periodic evaluation by an inspection program, use of corrosion specimens, or other techniques, if 
credible corrosion or erosion could change the geometry (or thickness) in a system that depends on 
geometry (or thickness) for nuclear criticality safety. 

5.6.3.1.5 Thermal insulation concerns. The design of heating or cooling jackets should include 
consideration of leaks of fissionable material into such jackets. Appropriate measures shall be 
taken to preclude accumulations of fissionable material in jackets such that a criticality accident is 
possible. 

95ANSI/ANS-8.1 -1983,R88, section 4.2.3. 
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5.6.3.1.6 Sump designs. Sumps should be designed such that nuclear criticality safety is ensured 
if a credible mechanism exists for accumulating fissionable material in the sump. 

5.6.3.1.7 Floor drains. Where applicable, floor drains should be designed to preclude the 
accumulation of fissionable material in traps and piping that could cause a criticality accident, 

5.6.3.1.8 Inadvertent transfers. Process systems should be designed to prevent the carryover of 
fissionable material capable of causing a criticality accident from geometrically safe/favorable 
portions of a facility to other areas not having geometry control. 

5.6.3.1.9 Backflow prevention. A system of positive control and backflow prevention, such as air 
gaps, should be used to prevent the inadvertent transfer of fissionable material capable of causing 
a criticality accident from geometrically safe/favorable vessels to unsafe vessels. 

5.6.3.2 Spacing (interaction) control. Spacing control is used to restrict neutron interaction 
between and among various units, vessels, containers, and accumulations of fissionable materials 
to prevent nuclear criticality. It may include controls on spacing, arrangement, and shielding 
(neutronic isolation). Spacing provided by passive engineered controls is preferred over spacing 
provided by active engineered controls which, in turn, is preferred over spacing provided by 
administrative controls. Use of other than passive engineered features to provide spacing should 
be justified. 

5.6.3.2.1 Storage and transfer. Individual items of equipment and containers holding fissionable 
materials, when arranged in a group, in storage, or when being transferred within a nuclear facility 
or between facilities onsite, should be spaced so that the entire array is subcritical for all conditions 
that affect or might affect the nuclear facility or site. Movement of material under credible 
in-facility and onsite accident conditions shall be considered. 

5.6.3.2.2 Storage rack integrity. Storage racks shall be designed to maintain their integrity during 
and following a design basis earthquake and the design basis accidents they are required to 
withstand. 

5.6.3.3 Neutron absorber (poison) control. For the purpose of this Guide, a neutron poison is any 
material for which credit is intentionally taken for an operation or a piece of equipment to maintain 
subcriticality. Control using solid neutron poisons incorporated into passive engineered controls 
such that the neutron poisons are protected from dissolution or dispersion is preferable to soluble 
neutron poisons controlled by active engineered controls. That form of control is preferable to 
concentration of soluble neutron poisons controlled by administrative controls. When poisons are 
specified, use of other than solid neutron poisons incorporated into protected passive engineered 
controls shall be justified, including a description of the need for a neutron poison (solid or liquid), 
its distribution, concentration, and permanence. 

5.6.3.3.1 Suitability. Neutron poisons, such as cadmium, boron, and gadolinium, may be used to 
maintain equipment and processes subcritical, provided measured data or validated computational 
results confirm the effectiveness of the neutron poison and ensure its presence and reliability. 

5.6.3.3.2 Raschig rings. The use of borosilicate-glass Raschig rings for packed vessels shall be 
consistent with the applicable document in paragraph 2.3.1.3. The use of borosilicate-glass 
Raschig rings for applications other than packed vessels shall be based on a documented criticality 
safety analysis. 
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5.6.3.3.3 Representative samples. Use of representative samples, such as corrosion coupons, to 
verify the continued presence of a fixed poison should require approved documentation that 
demonstrates that the samples actually represent the poison system. 

5.6.3.3.4 Minimum soluble poison concentration. The minimum soluble poison concentration shall 
be at least 100% of the poison concentration required to ensure the validated and documented 
subcritical limit under any contingency. 

5.6.3.3.5 Soluble poison monitoring. Two independent methods of determining the operating 
concentration of a soluble poison should be provided to confirm that the poison concentration limit 
is satisfied. The presence of soluble poison should be monitored at a frequency that provides for 
automatic or operator initiated protective action in the event of process upsets. Extraordinary care 
should be taken with solutions of poisons because of the difficulty of exercising intended 
distribution and concentration control of solutes.s6 

5.6.3.4 Concentration (density) control. Concentration and density are different concepts -- 
concentration connotes a fissionable material solution, molten salts, or a fine dispersion in another 
media; density connotes only one medium, the fissionable material. 

Concentration control is typically used to provide restrictions on the permitted concentrations of 
fissionable material dissolved or dispersed in another medium. For example, density control is 
meaningless for low enriched uranium metal and many compounds while concentration control may 
be vital. Sources of weaknesses of concentration controls are: evaporation, precipitation, phase 
change (organic to aqueous phase and vice versa), fire in an organic phase, flocculation, plate-out, 
centrifuging suspended solids, non-representative sampling, solids building up on filters, and not 
sampling for all fissile nuclides present. 

Density controls are generally applied to restrictions on fissionable material mass-to-volume values 
of powders, metal chips, machine turnings, etc. On occasion, density restrictions are applied to 
allowable chemical compounds or physical states for fissionable materials at particular process 
stages, work stations, and storage areas; and restrictions on the allowed fissionable mass per unit 
area (such as a floor or the bottom of a glovebox). 

5.6.3.4.1 Process changes in density. If the determination of a concentration (density) limit 
assumes fissionable material in solution, it should be shown that the change to a more reactive 
state due to precipitation or transfer to a second phase is not credible before the change is 
eliminated from consideration as a contingency. 

5.6.3.5 Moderation control. Moderation controls are used to provide restrictions on the allowed 
range of moderating material relative to fissionable material in moderator/fissionable mixtures or 
solutions (typically H/X, D/X, Be/X, C/X atom ratio) or on the total amount of moderating materials 
allowed. Such controls may be applied to ensure that the fissionable material remains dispersed 
and dilute. In other cases, the controls may be applied to ensure that the fissionable material 
remains dry. 

5.6.3.5.1 Monitoring neutron moderation. For operations in which nuclear criticality safety 
depends upon control of neutron moderation, there should be assurance that the prescribed extent 

96ANSI/ANS-8.1 -1983,R88, section 4.2.4. 
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of moderation remains unchanged or that, if a credible change occurs, the reactivity of the system 
remains below acceptable subcritical limits. Such assurance should include consideration of all 
credible accidents involving any moderator or combination of moderators. 

5.6.3.5.2 Consideration of interstitial moderation. Interstitial moderation should be considered 
whenever such moderation is credible. 

5.6.3.5.3 Consideration of non-aqueous moderation. If moderators more effective than water may 
be present, their effects should be considered and controlled. 

5.6.3.5.4 Installed fire protection systems. In and of itself, the activation of installed fire 
protection systems should not be capable of causing an criticality accident. If nuclear criticality 
safety considerations preclude the use of water sprinkler systems, other fire control measures 
should be utilized. 

5.6.3.5.5 Exclusion of moderating materials. When moderation control is employed, enclosures 

(e.g., gloveboxes), material transport (e.g., trucks), and material transfer systems (e.g., conveyor 
lines) should be designed such that moderating material in excess of established limits cannot be 
added accidentally to otherwise safe enclosures or systems. 

5.6.3.5.6 Use of water in fire fighting. Efforts should be made, to the extent practical, not to 
restrict fire fighters’ use of water. If the use of water is permissible for fire fighters, consideration 
should be given to loss of spacing control caused by the force of the water stream in addition to 
change in reflection and moderation. 

5.6.3.6 Reflection control. Reflection control provides restrictions on the quantity, composition, 
and configuration of hydrogenous or other effective neutron reflecting materials in proximity to 
fissionable material. 

5.6.3.6.1 Assumptions about neutron reflection. Nuclear criticality safety limits should be based 
on full water reflection unless actual reflection is more reactive than water, or unless reflection is 
controlled, or it is not credible to achieve full reflection. Both normal operating conditions and 
credible accident conditions shall be considered. 

5.6.3.6.2 Avoidance of reflection control. In general, reflection controls based on limiting 
personnel access to a system to maintain nuclear criticality safety should be avoided. In those few 
cases where reflection controls are needed that are based on limiting personnel access to a system, 
the INCSRC should review and concur with such limits on a case-by-case basis. 

5.6.3.6.3 Use of water in fire fighting. Efforts should be made, to the extent practical, not to 
restrict fire fighters’ use of water. If the use of water is permissible for fire fighters, consideration 
should be given to loss of spacing control caused by the force of the water stream in addition to 
change in reflection and moderation. 

5.6.3.7 Mass control. Mass controls provide restrictions on the quantity of fissionable material 
permitted in individual units, in work areas, in a total configuration, or in the total number of units. 

5.6.3.7.1 Over-batching. For operations depending upon mass controls, where the contained 
volume does not automatically limit the contents to a subcritical mass or less, multiple batching, or 
over-batching, should be controlled to prevent unsafe accumulations. 
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5.6.3.7.2 Double batching. In areas where double batching is credible, mass limits should include 
allowances for double batching. 

5.6.3.7.3 Material form. If the determination of a mass limit assumes fissionable material in a 
physical or chemical form, it shall be shown that the change to a more reactive state, such as 
precipitation from a solution, freezing, or transfer to a second phase is unlikely before the change 
may be considered a contingency. 

5.6.3.8 Volume control. Volume controls provide restrictions on the fissionable material volume, 
container volume, or vessel volume (may be specific to fissionable material composition). 

5.6.3.8.1 Volumetric limits. Volumetric limits should be based on the minimum volume required to 
sustain a nuclear fission chain reaction for the given fissionable material and composition. The 
minimum critical volume should be that associated with the most reactive credible process 
conditions that may exist within the system, including consideration of system interactions with 
other process systems and the environment. 

5.6.3.9 Enrichment or isotopic control. Enrichment controls provide restrictions on the maximum 
fraction of fissile or fissible nuclide (usually expressed as weight percent) for a fissionable element 
such as U or Pu. Operations depending upon such control shall have their nuclear criticality safety 
limits based upon the credible enrichment or isotopic composition that yields the maximum infinite 
medium multiplication factor, k,. The operational basis for the assumed isotopic composition or 
enrichment should be documented as part of the NCSE to provide the validated bases for maximum 
k _. 
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5.7 NUCLEAR CRITICALITY SAFETY DESIGN AND ANALYSIS GUIDELINES. This section provides 
general discussions and guidelines for designing, analyzing, and establishing controls for ensuring 
nuclear criticality safety (NCS) at DOE nonreactor nuclear facilities and fuel handling/storage areas 
within reactor facilities where the potential for a criticality accident exists. It is applicable to the 
performance of nuclear criticality safety analyses for new facilities and modifications to existing 
facilities that may influence the nuclear criticality safety of significant quantities of fissionable 
materials. A “Graded Approach” should be used as described in paragraph B.l . 

5.7.1 Scope. The scope of this section is limited to design and analysis guidelines associated with 
nuclear criticality safety and does not include other elements of the nuclear criticality safety design 
and analysis process, such as the nuclear criticality safety evaluation, nor requirements for control 
of the engineering design process. For this Guide, nuclear criticality safety is the effort to prevent 
an unplanned and uncontrolled nuclear fission chain reaction. Unlike typical facility industrial 
safety, nuclear criticality safety is not based on a wealth of historical accident data. It is 
dependent on the best judgment of personnel assigned to design, analyze, operate, and monitor 
facilities and operations involving fissile and fissible (fissionable) material. 

5.7.2 Overview of the Nuclear Criticality Safety Control Design Process. Nuclear criticality safety 
is achieved through design and administrative measures. A criticality accident is prevented by 
controlling various nuclear parameters that influence the potential for criticality. These nuclear 
parameters include: (1) mass of material, (2) concentration of material, (3) geometry of material 
and equipment containing material, (4) degree of moderation and reflection, (5) spacing of, and 
interaction among, units containing fissionable material, (6) enrichment of the fissionable isotopes, 
and (7) the degree of neutron absorbers (poisons). 

5.7.2.1 Major projects. At the beginning of facility design or modification, facility, equipment, and 
process criteria (design criteria) are established, and major systems are identified. As the design 
evolves, processes and equipment are identified, flow rates and production rates are established, 
and the types, volumes, and masses of fissionable material and associated materials are identified. 
The number and locations of connections of process lines and needed auxiliary systems, 
equipment, and materials are also incorporated into the design. Throughout the design process, 
there are various types of reviews that should be conducted. The following important reviews 
ensure that nuclear criticality safety is properly incorporated into the design. 

5.7.2.1 .l Preliminary process hazards review. Prior to the issuance of a Functional Design 
Criteria, a Preliminary Process Hazards Review should be performed to determine if the facility will 
be handling fissionable materials, regardless of amounts or concentrations, and whether the 
potential exists for a nuclear criticality accident. If it does, the Preliminary Process Hazards Review 
Report should state as an action item that the design should comply with the general principles and 
objectives presented in this document, including application of the double-contingency principle 
(see paragraph 5.7.7). 

5.7.2.1.2 Design process and design reviews. It is imperative that design considerations affecting 
nuclear criticality safety begin very early in the design process. Information will be required from a 
nuclear criticality specialist that provides quantitative data on the limits for various parameters that 
influence criticality that, if exceeded, could result in a criticality accident. These data will depend 
on the types and forms of the fissionable materials involved. As is common to any design process, 
an iterative approach is required to arrive at a design concept that is both acceptable and optimized 
from a nuclear criticality safety standpoint. An illustration of the general iterative process for 
implementing nuclear criticality safety is shown in Figure 5.7.2.1.2-1. The goal for the final design 
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should be the attainment of the six basic design objectives presented in paragraph 5.7.3. The 
Design Process Hazards Review (conducted by the design organization, operations personnel, and a 
cognizant nuclear criticality safety specialist) should confirm design adequacy relative to the six 
basic objectives, including documentation of the application of the double-contingency principle. 

5.7.2.1.3 Preoperational process hazards review. The design process (paragraph 5.7.2.1.2) 
should identify criticality hazards associated with the design concept and provide appropriate 
controls. However, the Preoperational Process Hazards Review (that is conducted by facility 
management with assistance from the cognizant nuclear criticality safety specialists) offers an 
excellent opportunity to independently review design adequacy relative to nuclear criticality safety 
and to implement improvements prior to start-up, as needed. Documentation of the design, as 
specified in paragraph 5.7.9, should provide a major information source for this review. The 
preoperational review should 

(a) 

(b) 

(cl 

(4 

(el 

ff) 

confirm design adequacy as measured against, the six basic design objectives presented 
herein (paragraph 5.7.4), 

confirm that facility, equipment, and process conditions conform to the intended design, 

examine the nuclear criticality safety control methods and the means of control 
incorporated in the design, and confirm the judgments made during the design process as 
to the expected reliability of such controls, 

review the results of Deductive Logic Tree Analyses, Inductive Logic Tree Analyses, 
Failure Modes and Effects Analyses, Direct Accident Postulation, or others performed on 
the design (if available) for any insights into potential areas of weakness, 

identify, based on the above, any design improvements relative to nuclear criticality 
safety, as needed, and 

ensure that all nuclear criticality safety controls, either implemented by initial design or 
by follow-up improvements, are properly documented, such as by analyses, procedures, 
and drawings. In this regard, it is important to maintain a documented trail of the 
application of the double-contingency principle. 

The preoperational review should cover the conduct of facility operations to include configuration 
control and maintenance policies that will govern the operation, care, and preservation of those 
engineered and administrative controls that are of importance to nuclear criticality safety. 

5.7.2.2 Projects involving modifications to existing equipment. 

5.7.2.2.1 Screening process hazards review. Cognizant nuclear criticality safety specialists should 
identify hardware for which proposed changes must receive nuclear criticality safety design and 
analysis prior to implementation. Care should be taken to ensure that the double-contingency 
principle is not compromised. Documentation of double-contingency considerations should be 
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Figure 5.7.2.1.2-1. Illustration of iterative process for development of nuclear criticality safety 
controls. 
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maintained. Modifications that involve a loss or compromise of nuclear criticality safety controls, 
particularly loss of double-contingency, should be reviewed as potential unreviewed safety 
questions. 

5.7.2.2.2 Preliminary process hazards review. If the screening process hazards review requires 
resolutions of issues among several technical disciplines, a preliminary process hazards review team 
may be formed for the purpose of resolving these issues. 

5.7.2.2.3 Preoperational process hazards review. Action items are reviewed as described in 
paragraph 5.7.2.1.3 during the Preoperational Process Hazards Review. Issuance of the final 
Preoperational Process Hazards Review indicates closure of all action items, proper documentation 
of all action items (including double-contingency), and formal acceptance of the action items as 
described by responsible line management. 

5.7.3 Six Basic Nuclear Criticality Safety Control Design Objectives. Risk control for nuclear 
criticality safety is primarily directed toward reduction of accident probability by means of process 
controls. In arriving at a final nuclear criticality safety analyzed and approved equipment/process 
concept, focus should be directed toward achieving six basic nuclear criticality safety control 
design objectives discussed in this section. 

5.7.3.1 Objective 1 - to control criticality probability using a preferred hierarchy of controls. A 
variety of criticality safety control methods exist that may be considered for application in a given 
case, such as geometry control, spacing control, and mass control. Not all methods of control are 
equally preferred. Three basic means of control (passive-engineered, active-engineered, and 
administrative) are presented and ranked in order of preference, and are discussed later in 
paragraph 5.7.4, “Means of Controlling the Criticality Risks,” where this objective is discussed in 
detail. 

5.7.3.2 Objective 2 - to identify potential criticality scenarios. A necessary step in evaluating and 
controlling a risk is recognizing its existence. Even though many potential paths to a criticality 
event will be obvious, other potential paths will not be obvious. Paragraph 5.7.5, “Identifying 
Potential Criticality Scenarios,” expands upon this objective. Four important approaches to 
successful identificatipn are discussed. A deductive logic tree approach is illustrated with an 
example. 

5.7.3.3 Objective 3 - to eliminate potential criticality scenarios to the extent practical. Although a 
potential criticality scenario may be shown to meet the minimum standard for acceptability 
(Objective 4), it is preferred, whenever feasible, that the risk be eliminated entirely from the 
fissionable material process, even though the probability of occurrence of a given criticality 
accident scenario is less than some minimum acceptable level. It is better to modify the equipment 
or process, if practical, to eliminate the scenario entirely. A review of the equipment or process 
concept should be performed searching for feasible changes that will eliminate a potential criticality 
scenario. Elimination can be achieved by facility, equipment, or process changes that act to 
remove the initiating event from an accident sequence. For example, a change from water cooling 
to air cooling in a given process may eliminate a scenario involving the potential for undesirable 
moderation. This objective is discussed in paragraph 5.7.6, “Eliminating Potential Criticality 
Scenarios.” 

5.7.3.4 Objective 4 - to demonstrate that criticality risks are acceptably low. Protection against a 
criticality accident should involve a defense-in-depth approach in which multiple, independent, 
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unlikely events must occur before a criticality accident is possible. Paragraph 5.7.7, “Judging 
Acceptability of a Potential Criticality Scenario,” where this objective is discussed further, provides 
a means to judge acceptability based on an application of the double-contingency principle. In the 
completely analyzed facility, the equipment and process concept should have credible criticality 
scenarios identified and should meet the minimum standard for acceptability presented in this 
section. 

5.7.3.5 Objective 5 - to evaluate the operability of criticality safety controls. Selections made 
during the facility equipment and process design or modification will have a significant effect on 
the degree of difficulty presented to facility personnel in operating the facility. Paragraph 5.7.8, 
“Operability of Criticality Safety Controls,” discusses this objective and presents nine specific 
considerations for facility operations. 

5.7.3.6 Objective 6 - to document the nuclear criticality safety control design. Proper 
documentation of all facility, equipment, and process aspects important to nuclear criticality safety 
is essential for use by personnel in the areas of nuclear criticality safety control design, facility 
operation, engineering design, design review, and auditing. The elements of proper documentation 
are presented in paragraph 5.7.9, where this objective is discussed further. 

5.7.4 Means of Controlling the Criticality Risks. 

Objective 1 - criticality risks are controlled using a preferred hierarchy of controls. Nuclear 
criticality safety is achieved by exercising control over various nuclear parameters. Paragraph 5.6.3 
describes nuclear parameters that may be controlled for nuclear criticality safety, however, the 
means of control addresses how the control is achieved in design and operating terms. These 
nuclear parameters consist of the physical form, mass, and distribution of fissionable materials, and 
the physical form, mass, and distribution of all other materials with which the fissionable materials 
are associated. Eight such criticality control methods, each associated with the nuclear parameter 
controlled for nuclear criticality safety, are (1) geometry control, (2) spacing control, (3) neutron 
poisons control (fixed and soluble), (4) concentration control, (5) moderation and reflection control, 
(6) mass control, (7) enrichment control, and (8) density control. A subtle combination of these 
nuclear parameters is the inherent form of a material that may require “form control” to prevent 
conversion of the material form from, say, UF, to U02F2, or from UF, and HF gas to a liquid. 
Additionally, spent nuclear fuel exhibits inherent combinations of controls 1 through 8, in their 
respective passive forms, in that it has specific physical constraints on geometry, or rod or pin 
spacing, resulting in limiting degree of moderation, neutron absorbing fission product inventory, and 
depleted fissionable material enrichment, mass, and concentration. A given situation may call for 
employing more than one of these control methods. 

The “control method” refers to the nuclear parameter being controlled. The “means of control” 
refers to the design/operating mechanism achieving the control. The three basic means of control 
are (1) passive-engineered control, (2) active-engineered control, and (3) administrative control. For 
example, concentration control may be achieved by means of an active engineered control such as 
an eductor (an automatic dilution device) and by means of an administrative control such as 
sampling. These means of control are not equally preferred for nuclear criticality safety. The 
passive-engineered means of control is most preferred, followed by active-engineered control, and 
then administrative control. Guidance in the preferred use of the basic means of control is provided 
in paragraph 5.7.4.1. 
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A discussion on the use of each of the eight control methods is provided in paragraph 5.7.4.2, 
including the definition and use; the typically associated means of control; the reliability, range of 
coverage, and operational support required; and the common failure modes. Control methods that 
typically employ the more highly preferred means of control should be selected, whenever 
practicable. For example, geometry control is generally implemented using passive-engineered 
design features, which is a highly preferred means of control. In contrast, concentration control is 
generally implemented using active-engineered and administrative controls, which are less 
preferred. Table 5.7.4-l shows the nine control methods (“eight” has become “nine,” distinction 
being made here between moderation and reflection) and the typically associated means of control. 

Table 5.7.4-l. Criticality Safety Control Methods and Typically Associated Means of Control 

ASSOCIATED CONTROL MEANS (TYPICAL) 

CONTROL METHOD 
PASSIVE 
ENGINEERED 

ACTIVE 
ENGINEERED ADMINISTRATIVE 

GEOMETRY CONTROL 

SPACING CONTROL 

NEUTRON POISON CONTROL 

FISSIONABLE MATERIAL 
CONCENTRATION CONTROL 

FISSIONABLE MATERIAL 
DENSITY CONTROL 

MODERATION CONTROL 

REFLECTION CONTROL 

ENRICHMENT CONTROL 

FISSIONABLE MATERIAL MASS 
CONTROL 

X 

X(FIXED1 X(MACHINE 
AUTOMATED) 

X(PROCEDURAL) 

X(FIXED) X(SOLUBLE) X(SOLUBLEI 

X X 

X 

X(FIXED) X 

X(FIXED) X 

X 

5.7.4.1 Three basic means of criticality safety control. As discussed above, the three means of 
managing the nine criticality safety control methods are passive-engineered control, active- 
engineered control, and administrative control. The ranking of the three means of criticality safety 
control is intended as a general guide of preference. In practice, a case-by-case evaluation is 
required to determine the best control method and means of control available for each 
circumstance, considering the unique requirements and conditions in existence at the time. All 
control methods generally have some degree of administrative dependence or other features that 
make it difficult to categorically assign a means of control to a particular control method. 
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5.7.4.1 .l Passive-engineered control. Passive-engineered control is the highest ranked means of 
criticality safety control, involving fixed, passive design features or devices rather than moving 
parts. These means of control are highly preferred because they provide high reliability, a broad 
range covering many potential criticality accident scenarios, and require little operational support to 
maintain effectiveness. Human intervention is not required. Advantage is taken of natural forces, 
such as gravity, rather than electrical, mechanical, or hydraulic action. 

5.7.4.1.2 Active-engineered control. Active-engineered control is a means of criticality safety 
control, of intermediate rank, involving add-on, active electrical, mechanical, or hydraulic hardware 
that protects against criticality. These devices act by sensing a process variable important to 
nuclear criticality safety and providing automatic action to secure the system in a safe condition 
without human intervention. Active-engineered controls are preferred when passive-engineered 
controls are not feasible. These devices are subject to random failure and to human error occurring 
during operations and maintenance activities. Therefore, high-quality, low-failure-rate equipment 
should be selected in all cases. Fail-safe designs should be employed, if possible, and failures 
should be easily and quickly detectable. The use of redundant systems should be considered as a 
means of dealing with unavailability. Active-engineered devices require surveillance, periodic 
functional checks, and preventive and corrective maintenance to maintain effectiveness. 

5.7.4.1.3 Administrative control. Administrative Control is a means of criticality safety control 
that relies on the judgment, training, and responsibility of people for implementation. These 
controls may be action steps or caution steps in an operating procedure or steps in a surveillance 
program. Because they are human-based, and subject to error in application, administrative 
controls are generally regarded as the least desirable means of criticality safety control. In some 
instances, however, reliance must be placed on this means of control. Where practical, processes, 
equipment, and necessary instrumentation should be designed to initiate and facilitate human 
intervention or discourage misoperation. An example includes the design of handling or process 
equipment that limits the number of units or mass of fissionable material that a fissionable material 
handler can transfer. Where practical, administrative controls should be augmented by warning 
devices (visible or audible) that mandate operator action according to a specified procedure. 
Activation of warning devices should be minimized in order to be effective. 

5.7.4.2 Criticality safety control methods. The following subsections list control methods used for 
nuclear criticality safety and discuss passive-engineered control, active-engineered control, and 
administrative control, and considerations associated with each. 

5.7.4.2.1 Geometry control. Geometry control is the preferred method of criticality safety control 
based on limiting one or more characteristic dimensions. Where practicable, reliance should be 
placed on the use of geometry control rather than the control of any other nuclear parameter. The 
practicality of using geometry control depends on the type of equipment needed (it may be 
impossible to incorporate a geometrically safe design for a large-scale pit), the process flow rates 
and volumes, and inherent complexity. Because each system and facility may be different, 
decisions should be made and approved on a case-by-case basis. 

Geometry control is based on physical design limits, such as “geometrically safe” or “geometrically 
favorable” cylinder diameter, annulus inner and outer diameter, slab thickness, and spherical 
diameter (and the closely related concepts of “safe” or “favorable” volume) for a given fissionable 
material. Geometrically safe is defined as the characteristic dimension of importance for a single 
unit of a specific geometrical shape such that nuclear criticality safety is not dependent upon any 
other nuclear parameter. A geometrically safe dimension is determined assuming optimal 
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moderation, thick reflection, and no control on concentration, enrichment, mass, or neutron poison. 
Geometrically favorable is defined as the characteristic dimension of importance for a single unit of 
a specific geometrical shape such that nuclear criticality safety is maintained in conjunction with 
one or more other nuclear parameters such as concentration and limited reflection. 

If geometrically favorable dimensions are used, care should be taken to guard against the possibility 
of losing control over the other nuclear parameters upon which favorable geometry depends. 
Geometrically favorable control may require active protective devices or administrative controls, or 
both, such as concentration- or moderation-control monitoring equipment, on-line enrichment- or 
mass-control monitors, and sampling. If there is no possibility that the geometrically favorable 
conditions will be violated (for example, the facility only handles uranium having 10% enrichment 
or less, or there is no credible way for the material to become reflected or moderated), then it may 
be reasonable to consider the geometrically favorable dimensional parameters as passive- 
engineered control rather than as active-engineered or administrative control. 

Geometry control limits (if maintained) preclude the possibility of criticality by virtue of neutron 
leakage from the system. This control method provides inherent criticality protection that (1) is not 
subject to random failures (as may occur with an “active” control device), (2) is not susceptible to 
the common types of human errors occurring during operating and maintenance activities that may 
act to defeat the control, and (3) provides inherent protection against unforeseen criticality 
scenarios. This control method requires a minimum of facility operational support to maintain 
effectiveness. Note that spacing between geometrically safe units shall be considered because of 
the potential for interaction. 

Geometry control has many applications. Arrays of geometrically controlled cylindrical columns or 
slab tanks may be used to store or process fissionable material solutions. Geometrically controlled 
slab geometry may also be used for drip pans and for tables used for cleaning small pieces of 
contaminated equipment with various solutions. Process piping and drain lines often need to be 
designed to be geometrically controlled. Other equipment or portions thereof that normally do not 
process or contain fissionable material may also need to be controlled by volume or geometry. For 
example, if significant quantities of fissionable material can enter lubricating oil in a pump, the 
pump and its oil reservoir, if any, may need to be limited to a safe volume. Alternatively, it may be 
necessary to conservatively approximate the geometry of the interior of the pump and any oil 
reservoir and perform calculations to show that the geometry is safe for all credible cases. 

5.7.4.2.1.1 Geometry control applied to process and storage vessels, equipment, and containers. 
As discussed above, geometrically controlled cylinders, slabs, annuli, and spheres may be used for 
process and storage vessels. Loss of safety could result from various phenomena, such as 
abnormally high pressure, causing dimensional distortions to the point that the critical dimension is 
reached. Even though a spherical geometry is the shape of choice from the standpoint of 
dimensional stability, a spherical tank often has limited practical use because of restrictions on 
useful volume. Elongated cylindrical geometries have favorable characteristics under pressure and 
have been used successfully for a wide range of applications. Annular and slab geometries are 
subject to distortions under pressure; however, in many applications these shapes can be 
adequately stabilized using external bracing and internal stay-bolts or tie-rods. 

Even though a vessel may be designed to be geometrically safe or favorable, solution absorbing 
insulation or liquid heat exchanger jackets that surround the vessel may invalidate geometry 
control. If absorbing insulation or liquid heat exchanger jackets are required to be placed around a 
geometrically controlled vessel, precautions should be employed to ensure that vessel leaks will not 
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accumulate unsafely in the insulation or heat exchanger jacket. A common practice in the use of 
liquid heat exchanger jackets is to maintain the pressure of the fluid in the heat exchanger jacket 
higher than the pressure inside the vessel. A differential pressure monitor and corresponding alarm 
may be necessary. 

Corrosion of the vessel walls should also be considered. Over time, corrosive attack causing a 
uniform thinning of the vessel wall will increase the inside dimension to a value greater than the as- 
built value at the beginning of service life thereby reducing original margins of subcriticality. In 
addition, corrosion of the vessel walls and structural members may cause structural weakness, and 
thus increase the potential for bulging or rupture under pressure. If necessary, a “weep hole” 
concept should be considered as a means of detecting excessive corrosion. This can be 
accomplished by drilling several holes from the outside of the tank to about 0.5 wall thickness. For 
vessels using geometry control, corrosion leading to the loss of contents by leaks is not a criticality 
problem in itself, if suitable provisions are made in the design for dealing with the leaking solution. 
Therefore, an allowance for corrosion shall be included in the design of a vessel in which corrosion 
may occur. 

Because dimensions are of great importance for the maintenance of geometry control, designers 
and criticality specialists must understand each other when it comes to designing and implementing 
dimensions calculated for nuclear criticality safety. For example, to a criticality specialist, it is easy 
to perform a calculation using exact dimensions for a 5.000-in. pipe I.D. However, when 
translated to actual design, it may be difficult, or impossible, for a designer to order material of the 
exact dimension used by the criticality specialist in his/her calculation. It is important, then, that 
the criticality specialist understand that a designer may be limited to a certain material. It is equally 
important that a designer understand that an exact dimension may be crucial to nuclear criticality 
safety. If commonly available materials differ dimensionally from those used in nuclear criticality 
safety calculations, then the material selected should be less than the geometrically controlled 
dimension of importance, or additional calculations should be performed using dimensions of the 
various materials that are available (in which case, additional controls may be needed if the 
geometrically controlled dimension cannot be maintained). 

When multiple units or arrays of geometrically controlled equipment are needed, proper spacing and 
the buildup of fissionable material between units shall be considered. Even though an individual 
unit may be geometrically controlled, safe spacing of the equipment units should be calculated to 
limit neutron interaction, or the equipment units should be neutronically isolated (decoupled) from 
each other by the use of thick reflection or neutron poisons, or both, around/between each piece of 
equipment. The buildup of fissionable material from overflows or leaks between adjacent units 
should be minimized because it defeats the geometrically controlled condition. Buildup can be a 
significant problem in slab tank arrays where it is crucial to maintain space between tanks free of 
accumulations and where it is difficult to inspect and clean such locations. Care should also be 
taken to consider the neutron interaction due to intersections of connecting piping and drains with 
geometrically controlled equipment. 

Frequently, processes cause a transformation of fissionable material characteristics, such as in the 
high-temperature melting of low-density feed materials to high-density metals or alloys, or the 
chemical conversion of compounds to metals or metals to compounds. In any instance, 
consideration shall be given to intermediate conditions of the material throughout the 
transformation. 
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In the instance of casting reduced-density, yet compacted, metal machine turnings into solid metal 
ingots, consideration should be given to the following: 

(a) providing a safely subcritical environment for a large volume of compacted machine 
turnings within a casting crucible, 

(b) providing a smaller limited volume/shape molten casting charge, 

(c) providing a safely subcritical environment for a casting mold of solid frozen metal, 

Id) providing catch basins, rings, or other devices for casting mishaps such as broken 
crucibles, leaking pour diverters, and broken or leaking molds, and 

(e) replacing worn and potentially oversized molds. 

Overflow holes in crucibles and molds play an important role in limiting the molten mass of metal 
within crucibles. Likewise, overflow holes in molds prevent incomplete crucible discharges to a 
mold or undesirable casting configurations. 

The wearing of extrusion press dies and wire drawing dies generally affects product or process 
quality prior to affecting nuclear criticality safety. However, such equipment wearing or aging 
should be considered because it may affect the nuclear criticality safety of the product material by 
permitting the pressing or drawing of oversized materials. 

5.7.4.2.1.2 Geometry control applied to facility features (e.g., placement and depth of curbs, 
sumps, stairwells, elevator shafts, door sills). Provisions should be made in facility design to 
consider leaks of significant quantities of fissionable material from process and storage vessels, 
equipment, containers, interconnecting piping, and instrumentation ports and tubing. Solutions 
containing fissionable material should not be allowed to accumulate in an unsafe geometry. Thus, 
geometry control is often used in connection with sump design. Typically, a sump is designed with 
a flat bottom so that liquid initially accumulating in the sump takes on the shape of a geometrically 
safe or favorably thin slab. When applying this concept, protection should be provided so that the 
maximum credible liquid level (considering the fissionable material of interest at optimum 
moderation) in the sump at any time will be less than the minimum critical slab thickness obtained 
from calculations or appropriate tables. One means of providing this protection on maximum liquid 
level is to incorporate an overflow capability so that excess liquid present in the sump will overflow 
to a safe region. Protection should be provided against loss of overflow capability. The design 
should be such that no single object present in the sump can block the overflow, such as a rag or 
other object, nor should accumulations easily plug it. The maximum credible volumetric liquid flow 
rate to the sump should not exceed the design pump-out rate. Protection should be provided 
against unwanted seepage into the sump and corrosion of the sump material. With prolonged 
exposure to reactive chemicals, like evaporating acids, it is possible for solutions of fissionable 
material to seep into and under sumps unless they are adequately lined. The possible “sloshing” of 
a sump’s contents during filling should be considered because of induced wave motion that may 
exceed safe or subcritical liquid thicknesses. 

If conditions do not permit overflow capability, it is important to ensure that the liquid level in the 
sump corresponding to the maximum credible addition of solution (from a worst-case leak or vessel 
rupture of fissionable material) will be less than the minimum critical slab thickness. If the liquid 
level cannot be controlled because of potential large additions of liquids containing fissionable 
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material, then the use of solid neutron poisons such as Raschig rings should be considered (see 
paragraph 5.7.4.2.3.1). 

5.7.4.2.1.3 Minimizing holdup volume and geometry in auxiliary process equipment. Geometry 
control is a very effective means of providing inherent criticality protection for equipment items not 
intended for fissionable material processing or storage (such as pumps, valves, and filters). This 
control may be achieved by limiting the maximum holdup volume in an equipment item to less than 
the minimum critical volume for the fissionable material being processed, as determined by 
calculations or applicable tables. 

Additionally, in areas having overhead liquid fissionable material process lines or storage vessels, 
policies and procedures should be established to deter incidental or unintentional containers such as 
unrestricted volume tool boxes, mop buckets, sponges, mops, open-topped plastic-lined containers, 
or other containers that could collect liquids. 

5.7.4.2.1.4 Passive devices preventing geometrical distortion, improper orientation, or solution 
transport. This group ranks high in the preference sequence. Because of simplicity and the 
absence of moving parts, the reliability of items in this group is high, while operational support 
requirements are generally low. Often, items in this group compete with, but are preferred to, the 
use of active protective devices to provide similar safety functions. 

Potential criticality problems may be caused by the distortion of a geometrically safe shape or the 
unwanted and unexpected transport of liquids from safe to unsafe locations. Fixed, passive design 
features and devices are available to prevent such occurrences. Examples of these devices and 
design features include rupture disks, vents (with overflow to a geometrically safe or favorable 
location), air breaks, barometric seal legs, nuclear safety blanks, large (but safe) line sizes, 
restricting orifices, and relative elevations. Section D.3 contains additional information on each of 
these devices and techniques. Of particular interest are air breaks and barometric seal legs. These 
two items provide effective protection and should be incorporated as standard practice, as 
applicable. 

5.7.4.2.2 Spacing control. Spacing is a highly preferred method of control consisting of the use 
of passive devices or systems, or administrative controls, to ensure the maintenance of favorable 
spacing. Safe spacing maintains neutron leakage and reduces neutron interaction among units 
containing fissionable material. 

Fixed (passive) spacing controls are used for the separation of fissionable material in operating 
activities and storage of many types of fissionable materials including weapons components, wet 
or dry storage of reactor fuel, storage of oxides or nitrates, storage of fissionable material in 
shipping containers, and storage of fissile-containing solutions. Examples of such devices and 
systems include pool storage racks, floor storage racks of various types, dollies having a base of 
sufficient dimensions to provide favorable spacing, fissionable material birdcages, and safely 
spaced shelving. To be considered a strictly passive control, spacing should not be dependent on 
other nuclear parameters, or the other nuclear parameters should be fixed. For example, spacing 
that also incorporates fixed neutron poisons is considered passively favorable spacing; spacing that 
passively limits container size to those containers that may be safely spaced is considered 
favorable spacing; spacing that is designed for materials having a limited enrichment is considered 
passively favorable spacing as long as other materials having higher enrichments are either not 
available or cannot fit into the safely spaced positions; and spacing that is designed for containers 
having limited moderation is considered passively favorable as long as containers without such 
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moderation control limits are not available or cannot fit into the safely spaced positions. In 
situations where spacing is established for a specific container and its contents based upon specific 
mass, dimension, chemical composition, or fissile nuclide, features should be incorporated into the 
design to preclude the placement of other containers into the storage spaces. In addition, design 
features should eliminate the possibility of placing more than one container into a given storage 
space or placing additional containers into the regions between storage positions. When the 
containers of fissionable material are relatively light and have low radiation levels such that they 
can be handled hands-on, the potential exists for human error, particularly in moving containers into 
and out of storage. It is better to design spaced arrays such that they cannot be easily defeated by 
human error rather than to rely strictly upon procedures. When several types of containers of 
fissionable material are to be stored in the same spacing structure, the spacing should be 
established for the most reactive feasible combination of packages. This is normally the entire 
array filled with the most reactive package (although sometimes combinations of containers could 
be more reactive), and one position near the center double-batched if this is a possible loss of one 
control. 

Passive control of spacing is highly reliable, not subject to random failures, and provides coverage 
against potential unforeseen accident scenarios. However, several problems with spacing are 
possible. Fixed (passive) spacing structures and devices may be susceptible to structural failures 
due to such conditions as exceeding the load limits, corrosion, ramming by forklifts, items falling 
from overhead cranes, and earthquakes. Spacing control may require the use of nondestructive 
gamma or neutron counting equipment or physical sampling and analysis to determine fissionable 
material package content before assigning a given spacing to a given package. In such situations, 
passive-engineered spacing control takes on aspects of active-engineered or administrative control. 
If a favorable spacing arrangement can potentially be defeated by human error or equipment failure, 
then it may be necessary to consider the spacing control as active-engineered or administrative in 
nature. In fact, it is sometimes difficult to strictly distinguish between passive spacing control and 
active-engineered or administrative spacing control. 

If spacing control is dependent upon such things as signs, marks on the floor, procedures such as 
the spacing of packages 1 meter apart, or temporarily erected structures such as chained-off areas 
rather than fixed engineered storage structures, then it becomes administrative in nature and is less 
preferred than truly passive-engineered spacing design. 

5.7.4.2.3 Neutron poisons. Neutron poisons preclude criticality by virtue of eliminating neutrons 
from a system through absorption. Absorbers may be fixed (solid) or soluble (in solution). 
Generally, fixed absorbers are considered passive-engineered controls, and soluble absorbers are 
considered active-engineered or administrative controls. Where practicable, vessel design should 
incorporate favorable geometry as a means of control before placing reliance upon neutron poisons. 
The practicality of using favorable geometry versus neutron poisons for solution processing is 
dependent upon the flow rate and volume of the solutions to be processed, the number of 
geometrically favorable units and parallel processing lines that may be required, the reliability 
associated with each unit, and the potential benefit of using neutron poisons to maintain safety 
while simplifying operations and improving reliability. For some items, it may not be possible to use 
a geometrically favorable design, thus, neutron poisons may be the only available means of nuclear 
criticality safety control. 

Neutron poison control is generally not used for control of fissible nuclides because (1) fissible 
nuclides only fission with intermediate or fast neutrons, (21 few materials are good absorbers of 
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intermediate and fast neutrons, and (3) simpler and easier methods of control are generally 
available. 

5.7.4.2.3.1 Fixed neutron poisons. The use of permanently fixed, neutron-absorbing materials 
(poisons), such as boron-containing materials (borosilicate-glass Raschig rings, boral, borated 
stainless steel, borated concrete, borated polyethylene), cadmium, chlorine (PVC rings), or other 
solid neutron absorbing materials is considered to be a passively engineered method of criticality 
safety control. In specific applications this method can provide inherent, reliable protection and 
shares many of the same advantages as passive-engineered geometry control and passive- 
engineered spacing control. However, the successful application of this criticality safety control 
method can vary widely, depending on the potential for various phenomena that can cause loss or 
redistribution of the absorber material and on the ease with which periodic verification can be made 
to confirm the continued presence of the absorber. Applications involving contact (or potential 
contact) of the absorber material with process solutions can cause loss of the absorber by leaching, 
general dissolution, or other chemical reactions. In such cases, cladding the absorber material may 
provide effective protection against chemical attack. Loss of absorber material can also occur by 
fire and physical damage. In all cases periodic verification tests should be conducted to confirm 
the proper amounts and distribution of absorber material and integrity of cladding. In some cases, 
such as remote applications of absorbers, verification testing may be quite difficult. Thus, it is 
important that provisions are made in the design to ensure that there is sufficient access to allow 
for periodic testing. 

Raschig rings may be used to render otherwise geometrically unsafe vessels favorable depending 
on fissionable material concentration and packing density of the rings. Typical applications of 
Raschig rings include sumps, evaporator de-entrainment separator heads, large tanks, and scale 
pits. Packing density of the rings should not be overestimated when calculating the nuclear 
criticality safety of a vessel. Ring settling and boron leaching may also present problems. The 
detailed requirements for the use of borosilicate-glass Raschig rings are found in ANSUANS-8.5- 
1986. 

Reactor fuel storage racks may be designed to incorporate various types of neutron poisons. Boral 
and borated stainless steel are typical neutron poisons that have been used in such storage racks. 
Borated concrete has been used for fresh fuel storage racks. Borated concrete is an example of a 
flux trap where the hydrogen content can vary as the concrete ages, therefore, the hydrogen 
content of borated concrete shall be verified or conservatively approximated. 

Almost all materials absorb neutrons to some degree. Therefore, the “typical” materials of 
construction for a given facility may be important in maintaining the nuclear criticality safety of a 
given piece of equipment. If a nuclear criticality safety evaluation is made using a certain material, 
and another material is substituted in the design, nuclear criticality safety may be jeopardized. 
Whenever material substitutions are to be made, additional evaluations should be performed to 
demonstrate that subcriticality and nuclear criticality safety are not compromised. 

5.7.4.2.3.2 Soluble neutron poisons. Soluble absorbers are neutron-absorbing materials, such as 
boron in boric acid, gadolinium as gadolinium nitrate, or cadmium as cadmium nitrate, added to a 
solution for criticality safety control in vessels or piping that may otherwise be geometrically 
unsafe. 

Control shall be exercised to maintain soluble neutron absorber continued presence with the 
intended distributions and concentrations. Extraordinary care should be taken with solutions of 
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absorbers because of the difficulty of exercising such control. ” This method of criticality safety 
control is not preferred but has definite applications where the control methods discussed above 
are not applicable. The use of fixed neutron poisons should be investigated before placing reliance 
upon soluble absorbers. Neutron poisons, such as boric acid, are sometimes added to a dedicated 
water supply tank for fire fighting purposes in areas where unwanted moderation may be a 
concern. 

Soluble neutron poisons are implemented using active-engineered and administrative controls. 
Administrative confirmation of the types and quantities of chemicals used for soluble absorber 
makeup solutions is necessary, as well as a sampling of the prepared solutions themselves, to 
verify absorber concentration. Once prepared, solutions of soluble absorbers are sometimes 
subject to inadvertent precipitation of the absorber material from solution, the formation of distinct 
phases of the solution that have little or no absorber, or the dilution of the absorber by other 
makeup or process solutions. In many situations, soluble absorbers must be added for each use or 
batch requiring frequent operational support to ensure continued effectiveness. 

5.7.4.2.4 Fissile concentration control. Fissile concentration control is used in situations in which 
the concentration of fissile nuclides in solution must be controlled to maintain subcriticality in large 
(unfavorable geometry) tanks. At least two circumstances exist for which different emphases of 
concentration control are required. In the first circumstance, a physicochemical process of an 
operation may ensure that the fissile nuclide concentration of a solution will be within safely 
subcritical values. In such cases, the monitoring and control of concentration becomes a 
secondary control in the event the physicochemical process is corrupted or bypassed. In the 
second circumstance, processes involving potentially concentrated solutions of fissile nuclides can 
also use concentration control as one of the process variables to include as part of implementing 
double-contingency. Examples include large volumes of dilute waste solutions, such as raffinates 
from chemical extraction processes, evaporator condensates, or laboratory sample solutions that 
must be processed or stored in large and unfavorable geometry tanks or process equipment, 
However, as stated above, geometry control should be used, if practical. 

Active-engineered or administrative means of control are normally used to implement concentration 
control. Procedures such as sampling, automatic concentration or density measurements with or 
without automatic shutoff valves, or prescribed dilution are always necessary since passive- 
engineered control of concentration generally is not feasible. 

5.7.4.2.5 Moderation control. Moderating and reflecting materials (such as water, heavy water, 
acids, oil, plastic, beryllium, concrete, heavy metals, and carbon) tend to substantially reduce the 
quantity of fissile nuclides that may be safely handled. For this reason, processes involving fissile 
nuclide compounds or metals are often designed to specifically exclude or control the use of 
moderators. Moderation control is the purposeful control of the quantity of moderating material 
mixed with or intermingled with fissile nuclides. Fissile nuclides may be safely handled using 
moderation control in combination with other control methods, such as mass control and geometry 
control. In this way, larger masses of fissile nuclides in larger geometries may be handled than by 
using mass or geometry control alone. Measurement of the ratio of moderating atoms to fissile 
atoms may be necessary to verify moderation control (for example, in the case of aqueous 
moderation this ratio is expressed as the hydrogen-to-uranium or hydrogen-to-plutonium atom 
ratio). Because of the need to verify moderation level, moderation control is generally implemented 

97ANSI/ANS-8.1 -1983,R88, section 4.2.4. 
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using active-engineered and administrative controls such as sampling, drying, or moisture 
detectors. When implementing moderation control, designers should take necessary steps to 
preclude potential sources of moderation (such as steam lines, water piping, tanks of aqueous 
solutions, beryllium powder, hydrocarbons, and carbon materials) from areas handling fissile nuclide 
powders and solids. Doubly containing water pipes and employing a leak detection system 
between the inner and outer pipes is an acceptable compromise in many situations where water 
piping must pass through or over moderation controlled areas. Processes involving fissile nuclide 
powders and metals may also make use of suitable enclosures to reduce or eliminate the potential 
for unwanted moderation. Otherwise, a design should take suitable precautions for potential 
moderation and reflection and rely on other control methods. 

Moderation control is an important consideration in selecting a fire control system. Available 
options include water, borated water, carbon dioxide, inert gases, and foam. See paragraph 
5.7.8.9 for more information. 

When analyzing a fissionable material system consisting of fissible nuclides, it is important to 
understand the effect of added moderation to dry fissible nuclides. Since fissionable materials of 
fissible nuclides can only fission with intermediate or fast neutrons, the addition of moderators 
(that slow down neutrons to low energies) will make such materials less reactive to the extent that 
criticality may be precluded. On the other hand, when handling solutions of fissionable material 
constituted with fissible nuclides, consideration should be given to potential loss of moderation 
(due to evaporation or heating), which would make such systems more reactive. 

Mixtures of fissible and fissile materials require special attention as they have conflicting 
contributions to the system reactivity depending upon the neutron energy spectra of the system. 

5.7.4.2.5.1 Moderators more effective than water. Because of the abundance and prevalence of 
water, in addition to its good moderating properties, aqueous solutions are typically used to 
determine minimum conditions to achieve criticality, which are then used to assign exempt 
quantities or always-safe conditions to activities involving fissile material. In other circumstances, 
complete or partial flooding by water is typically used to determine worst criticality conditions. 

Fissile material in the presence of moderators more effective than water (i.e., Hz01 -- that is, 
moderators with values of I&/& greater than that of water, e.g., heavy water (D,O), beryllium or 
beryllium compounds (e.g., BeO), carbon (viz., graphite), and hydrogenous materials with hydrogen 
densities greater than that of water -- can be expected to have minimum criticality masses, safe 
geometries, exempt quantities, etc. that are more restrictive than those determined for aqueous 
solutions or for flooding by water. 

Fissile material in the presence of moderators other than water that are made more effective than 
water by the neutron energy spectrum of the fissile-moderator system can also be expected to 
have a minimum critical mass, safe geometry, exempt quantity, etc., each of which is more 
restrictive than that determined for aqueous solutions or for flooding by water. 

5.7.4.2.6 Reflection control. Neutron reflecting materials (such as water, heavy water, concrete, 
steel, lead, plastic, beryllium, carbon, etc.) reduce the quantity of fissionable material that may be 
safely processed, stored, or transported. Generally, the degree of reflection evaluated for a given 
situation is taken to be the maximum credible available unless mitigating factors are, or reflection 
control is, ensured. 



92 DOE G 421.1-l 
8-25-99 

Reflection may be controlled to prevent unacceptable thicknesses of reflectors in contact with, or 
surrounding, process equipment or fissionable material units. One should be aware that controlling 
other parameters may increase reflection. For example, when controlling neutron interaction 
between units by adding material between them, the undesired and unintended effect could occur 
by which a single unit is made critical because of reflection. See also 5.7.4.2.5, “Moderation 
control,” for related effects. 

The effectiveness of standard and credible composite reflectors incidental to normal or abnormal 
conditions of processing, storing, or transporting fissionable material should be considered and 
evaluated, as appropriate. Examples could include combinations of water and steel, lead and 
depleted uranium, or concrete and SiO*. 

5.7.4.2.7 Mass control. Mass control may be used on its own or in combination with other 
nuclear parameter controls. In either case, administrative means of control are required. 

Mass control often takes on aspects of nuclear materials accountability, particularly when used in 
laboratory situations. Mass control limits are frequently established for individual laboratory rooms, 
or groups of rooms, and detailed records are kept of mass transfers into and out of the room. 
Extensive administrative controls are generally implemented involving the transfer of fissionable 
material, documentation of fissionable masses currently in the facility, posting of limits, and 
surveillance of the laboratories, records, and posted limits. Mass limits for adjoining rooms should 
also account for significant interaction. Alternatively, room walls could be designed to preclude 
potential interaction. 

Mass control may be used to limit the quantity of fissionable material in processes such as casting 
of metal, disposal, storage, collection, or withdrawal, or in transportation containers. Sampling or 
nondestructive measurements are often required to verify masses. Establishment of mass limits for 
containers of fissionable material should involve consideration of potential moderation and 
reflection, geometry, enrichment, spacing, concentration, and neutron poisons. Safe mass varies 
considerably, depending on the other nuclear parameters involved. Controls should be implemented 
to ensure that unexpected changes in these other nuclear parameters will not cause a criticality 
accident. 

5.7.4.2.8 Enrichment or isotopic composition control. When a facility handles fissionable material 
with a range of enrichments or isotopic compositions, it is useful to consider the potential benefit 
of employing enrichment or isotopic composition control in conjunction with other nuclear 
parameters. For example, safe mass for a given enrichment or isotopic composition, favorable 
geometry for a given enrichment or isotopic composition, and favorable spacing for a given 
enrichment or isotopic composition may all be useful concepts. In all cases, active-engineered or 
administrative controls, or both, are necessary to verify enrichment or isotopic composition and 
prevent the inadvertent use of fissionable material having a higher, more reactive enrichment or 
isotopic composition than specified for a particular operation. 

In cases where enrichment or isotopic composition cannot be easily controlled, the available 
fissionable material providing the maximum reactivity should be assumed. 

5.7.4.2.9 Density control. Density control of solids is similar to concentration control for liquids, 
and areal density control may be applied to either solids or liquids. High density of solid fissionable 
material tends to reduce the volume or geometric dimensions (and sometimes the mass) that may 
be safely handled compared to lower densities of the same or similar material whether alone or in a 
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mixture. Higher density of fissionable nuclides means that it is less likely for a neutron to escape 
without causing fission. Moderation and mass control are normally required as well when using 
density control for solids. Also, maximum density of the fissile nuclide as a solid or in a mixture of 
solids is normally an assumption in many evaluations, hence not a control. The difference is that 
assumptions are those factors thought to be immutable and not readily subject to measurement or 
control. When density is used as a control, it is often represented indirectly, that is, in terms of 
what can be directly observed and controlled. For example, storage containers in a moderation 
control area may have a lower mass limit for the fissile nuclide as metal than for the same nuclide 
in a compound. However, some processes such as super-compacting solid wastes are becoming 
more prevalent to minimize storage or repository space, and the effects of greatly increasing 
density of the fissionable material within a container should not be overlooked, especially if many 
such containers are to be stored in an array with minimum spacing between them. It may be 
necessary to establish control on the overall fissionable nuclide density of the array as well as on 
the fissionable nuclide density within units. 

Areal density control, a related concept to overall array density, is defined by making a projection 
perpendicular to a planar surface, such as a floor or tank bottom, and limiting the mass of 
fissionable nuclides per unit area on this projection. Areal density control may be very beneficial 
when the area of the planar surface is large. In such cases, the mass of fissionable nuclides in an 
area or within a vessel may be safely increased by a large factor over the minimum critical mass, 
and it does not matter whether the fissionable material is in the solid or liquid form. Areal density 
control may also be applied to discrete items, equipment, or containers of either solids or liquids, 
and if so, is akin to spacing control. In all cases, care should be taken to ensure that no localized 
region containing more than a minimum critical mass can credibly exceed the overall limit of mass 
per unit area. 

5.7.5 Identifying Potential Criticality Scenarios. Objective 2 - criticality scenarios are identified. 
The first step in evaluating an element of risk is the recognition of it. Based on past experience, it 
can be expected that while many control failures resulting in contingent conditions leading to a 
criticality accident will be obvious, other contingent conditions will not be apparent. 

5.7.5.1 Four measures contributing to successful identification. For highly complex systems the 
objective of identifying all potential criticality scenarios is idealized, and in practice will likely not be 
met. However, four measures can be taken to reduce the chance that potential criticality risks will 
go unrecognized, as follows: 

(a) appropriate commitment of time and resources commensurate with the size of the 
project and complexity of the processes/systems; 

(b) use of design and review personnel that have operating and nuclear criticality safety 
experience with similar processes/systems working with a cognizant nuclear criticality 
safety specialist; 

(c) use of a systematic approach in the identification process to minimize the chance that 
potential criticality scenarios will go unrecognized (Several approaches to criticality 
scenario identification are briefly discussed in paragraph 5.7.5.2, and an example is 
provided.); and 

(d) selection of preferred criticality safety control methods to provide protection against a 
broad range of initiating events, some of which may go unrecognized (this fourth 
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measure has been discussed in detail in paragraph 5.7.4, “Means of Controlling the 
Criticality Risks”). 

It is important to note that the identification process should cover a full range of planned and 
unplanned conditions in a facility, including normal and abnormal operations, start-up, maintenance, 
shutdown, and decommissioning. 

5.7.5.2 Approaches for criticality scenario identification. Scenario identification and analysis 
involve the identification and analysis of sequences of events that can lead to a criticality accident. 
Two basic approaches may be used, separately or together, to perform a scenario analysis for 
criticality safety. These approaches are (1) using systematic logic models to identify and analyze 
accident sequences, and (2) postulating the accident sequences directly using previous operating 
experience, incident data, and engineering judgment. The first approach works well when 
addressing complex designs that have interacting systems and when addressing new and untried 
designs. The second approach is satisfactory for simple systems and systems built similar to 
existing systems. 

5.7.5.2.1 Using logic models to identify accident scenarios. Several different logic models have 
been developed and applied to perform scenario analysis of nonreactor nuclear facilities. These 
models are useful for identifying accident scenarios in general, and are often useful in identifying 
criticality scenarios that may otherwise go undetected. Some representative methods are outlined 
in the following paragraphs. 

5.7.5.2.1.1 Deductive Logic Tree Analysis. Deductive logic tree analysis (fault tree analysis using 
a priori reasoning as exemplified in PRAs) is a deductive logic technique that diagrammatically 
models the various combinations of basic failure events that contribute to some overall failure 
event. A deductive logic tree begins with the definition of this ultimate failure event or 
consequence, such as a critical excursion in a specific piece of equipment, and is expanded 
downward through subsequent levels of contributing failures until an appropriate level of basic 
failure events has been reached. The contributing failures may be combined as necessary by 
logical AND and OR gates at the appropriate levels, if necessary. Deductive logic trees are 
normally used to model events having binary operational states (total failure vs. total success), as 
opposed to those having partial failures. The deductive nature of the tree is an advantage in that 
no assumption of accident initiating events is necessary. However, a detailed understanding of the 
system being examined is necessary so that important system failure modes are not missed. Even 
so, this technique can be successfully employed throughout the various design and review stages. 

As mentioned above, deductive logic trees can be used to model accident sequences, where the 
top event becomes some consequence of failure sequences. This may result in combining several 
system logic trees that contribute to the overall consequence thereby providing several independent 
paths that can lead to the final consequence of a critical excursion. An example of a deductive 
logic tree applied to a facility being analyzed for nuclear criticality safety is provided in paragraph 
5.7.5.2.3. Detailed discussion of fault tree analysis can be found in NUREG-0492 (paragraph 
2.3.2.5 of this Guide). 

5.7.5.2.1.2 Inductive Logic Tree Analysis. Inductive logic tree analysis (event tree analysis using 
a posteriori reasoning) is an inductive logic technique that sequentially models the progression of 
events, both successes and failures, leading from some initiator to a series of logical outcomes. An 
inductive logic tree begins with some initiating failure, usually on a component or misoperation 
level, and maps out a sequence of events to form a set of branches, each of which represents a 
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specific accident sequence leading to a particular final consequence such as a nuclear criticality 
accident. Like deductive logic trees, inductive logic trees are normally used to model events having 
total success or failure. 

Each accident sequence identified by the inductive logic tree is somewhat analogous to a branch of 
a deductive logic tree. However, while a deductive logic tree branch represents a combination of 
failures leading to the undesired consequence, an inductive logic tree branch represents a 
combination of sequential events (both failures and successes) leading to the undesired 
consequence. While complete inductive logic tree analysis requires identification of all possible and 
distinct initiating events and development of an inductive logic tree for each, inductive logic trees 
are often useful in examining the consequences of failure of a particular piece of equipment. A 
detailed understanding of the overall system may be necessary in order to understand how the 
failure of a particular component affects the success or failure of other components. 

5.7.5.2.1.3 Failure Modes and Effects Analysis. A failure modes and effects analysis (FMEA), 
used with PRAs, is an inductive analysis that systematically analyzes component failure modes and 
identifies the resulting effects on the system. An FMEA can be relatively detailed, if needed, and 
quantitative if data exist. Emphasis is placed upon identifying the problems that result from 
hardware failure. Typically, a columnar format is employed in an FMEA. Specific entries include 

(a) component identification, 
(b) failure rate, 
(cl failure mode, 
(d) effect on the system, 
(e) severity class, and 
(f) compensating provisions. 

A FMEA provides a systematic examination of failures of a system and is relatively simple to apply, 
but it has the disadvantage of considering only one failure at a time rather than multiple failures. 

5.7.5.2.2 Postulating accident scenarios directly. A set of accidents may be postulated based on 
the designer/analyst knowledge of previous operating experience, incident data, previously 
conducted safety assessments, and engineering judgment. This technique often involves the 
generation of a series of “what if” questions. These postulated accidents may also be quantified if 
accident frequency data are available. In many cases, accident frequencies are estimated using 
engineering judgment. This approach offers the advantage of simplicity, but its success is highly 
dependent on the experience of the designer/analyst. The results of such analyses are difficult to 
reproduce and defend. 

The maximum credible accident approach and the design basis accident approach are two related 
techniques that may be useful in identifying scenarios and in distinguishing between those that are 
credible and those that are incredible. The maximum credible accident approach uses engineering 
judgment to identify accidents. Based on an intuitive estimate of their probabilities, the accident 
scenarios are divided into credible and incredible accident scenarios. The incredible accidents are 
not analyzed in detail. Accidents having a probability of occurrence greater than the maximum 
credible accident can then be analyzed in detail. This approach is typically used only to estimate 
the upper bound of the accident consequence potential of the particular operation and to design 
specific protective systems only for the maximum credible accident. As noted previously, 
however, it is important to identify as many accident scenarios as possible that potentially could 
lead to a criticality accident. Designer/analysts should not subjectively dismiss potential criticality 
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scenarios as incredible when it may be possible through a design change to eliminate the scenario 
completely. The advantage of the maximum credible accident approach is its simplicity, while its 
weakness is the subjective nature of the division between credible and incredible accident 
scenarios and the typical treatment of only the maximum credible accident. 

The design-basis accident approach is an extension of the maximum credible accident approach. A 
series of accidents, including low-probability accidents with major consequences, are postulated 
based on various accident initiators and used as the explicit basis for design or analysis. Accidents 
having a lower probability of occurrence than the design-basis accident in each accident initiator 
area are generally not analyzed. The design-basis accident approach is more comprehensive than 
the maximum credible accident approach but the weakness remains -- the subjective nature of the 
selection of accidents. 

As applied to nuclear criticality safety, the terms “maximum credible accident” and “design-basis 
accident” are not particularly useful except as a means to aid in distinguishing between credible 
and incredible accidents. Any potential criticality event, regardless of the magnitude of the initial 
fission burst, should be carefully analyzed and appropriate design changes made if necessary. 

5.7.5.2.3 Deductive logic tree example. An illustration of a simplified version of a deductive logic 
tree analysis applied to the design of a facility is shown in Figure 5.7.5.2.3-l. The first step is to 
logically divide the process into discrete locations, starting by dividing the process area into general 
locations or systems such as rooms, cabinets, glove boxes, process lines, or other appropriate 
groupings within the facility, and proceeding to the specific locations where criticality (the 
undesired consequence) could occur. This facility breakdown process is nothing more than a 
systematic way to ensure that all locations are considered with respect to nuclear criticality safety. 

The specific locations to be included should encompass all locations having sufficient volume to 
support a criticality event such as in-process vessels, storage tanks, feed tanks, sumps, process 
piping, ventilation piping and duct work, pumps, filters, and waste drums, or the potential for loss 
of spacing that could lead to a criticality event for circumstances such as wet or dry reactor fuel 
storage, waste drum storage, and oxide or nitrate storage. 

The second step involves chaining backward to develop the bottom three rows of Figure 5.7.5.2.3- 
1 which complete the deductive logic tree and illustrate a means to assist in logically thinking 
through all of the possible paths potentially leading to a criticality event in a specific location. 
These rows are labeled mechanisms, phenomena, and initiating events, and are defined as follows: 

Mechanisms - As used here, the word mechanism refers to the direct means by which criticality is 
possible in a specific location. Mechanisms include loss of mass control, loss of concentration 
control, loss of geometry control, loss of moderation and reflection control, loss of spacing control 
(interaction), loss of enrichment control, loss of fixed or soluble neutron poison control, and the 
potential for unplanned transport of fissionable material into an unfavorable geometry such as by 
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Figure 5.7.5.2.3-l. Illustration of deductive logic tree. 

siphoning or leakage. See Table 5.7.5.2.3-l. A potential for criticality exists whenever the safe 
limit is exceeded for a nuclear parameter chosen for criticality safety control. In Figure 5.7.5.2.3- 
1, nuclear criticality safety in Tank 1 is maintained by controlling the fissionable material 
concentration. Thus, the mechanism for criticality in Tank 1 is identified as “high fissionable 
material concentration.” The purposeful listing of mechanisms is most useful for analyzing 
potential causes of a criticality. 

Phenomena - Refers to the possible alternative means for attaining the mechanism for a potential 
criticality. For example, in Figure 5.7.5.2.3-l three possible phenomena are identified for attaining 
high fissionable nuclide concentration: a precipitation phenomenon, an incorrect feed phenomenon, 
and an evaporation phenomenon. For information, Table 5.7.5.2.3-l contains some of the more 
common phenomena associated with mechanisms. The purposeful listing of phenomena is useful 
for analyzing potential causes of a criticality. 

Initiating Events - Initiating events refer to the basic failures that can cause the phenomena 
identified. The credibility or incredibility of such things as natural events and effects as potential 
criticality accident initiating events may depend on initial design criteria such as earthquake- 
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resistant criteria, tornado-resistant criteria, siting above the flood plain, and elimination of vehicles 
from a certain area. If appropriate design criteria are in place, the probability of natural events or 
effects initiating events causing a phenomenon leading to a criticality accident is likely to be 
incredible. The facility should document the design criteria used and the resultant probability of 
associated initiating events. For example, in Figure 5.7.5.2.3-1, the phenomenon of precipitation 
may be caused by either of two failures: valving error leading to the transfer of precipitant from 
cold feed Tank P to Tank 1; or a valving error leading to the transfer of precipitant from process 
Tank F to Tank 1. Sometimes the initiating event (failure) may have potential precursor failures, 
requiring that the tree be extended. Examples of various types of failures are included in Table 
5.7.5.2.3-l. 

When developing a deductive logic tree, several points should be kept in mind. There is no fixed 
format or nomenclature. Rather, the emphasis here is on the use of the systematic and deductive 
thinking process involved in deductive logic tree development. The aim is to identify all of the 
locations where criticality is a possibility and all of the conceivable ways that an unsafe condition 
could occur. The focus of the deductive logic tree should be on identifying potential criticality 
scenarios for later examination. As developed herein, deductive logic trees may be entirely 
qualitative. It is not necessary (nor even desired) that the criticality preventive measures be 
represented. The selection and adequacy of controls can be considered separately for each 
criticality scenario (see paragraphs 5.7.4 and 5.7.7). As a final note, attempts at making 
distinctions between the initiating event as an equipment failure or as a breakdown of 
administrative controls can sometimes become a source of confusion and may be pointless or 
artificial. 

For further illustration of this process for identifying potential criticality scenarios, the example in 
Appendix D may be helpful. 

5.7.6 Eliminating Potential Criticality Scenarios. Objective 3 - criticality scenarios are eliminated to 
the extent practical. Rather than accepting an element of risk, it is preferred, in principle, that the 
risk be removed entirely (if feasible). Although a potential criticality scenario associated with a 
design concept may be shown to meet the minimum standard for acceptability (paragraph 5.7.71, 
an effort should be made to explore the feasibility of design changes that would act to eliminate 
the scenario altogether. On occasion, elimination can be achieved by design changes that remove 
the initiating event to the accident sequence. 
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Table 5.7.5.2.3-1. Examples of Phenomena and Initiating Events Leading to the 
Mechanism for a Potential Criticality Event 

Mechanism Examples of Phenomena: and Initiating Events 

1. Loss of mass control; fissionable 
material mass limits exceeded. 

2. Loss of concentration control; fissile 
material concentration limits 
exceeded. 

3. Loss of geometry control; geometry 
limits exceeded. 

4. Loss of moderation or reflection 
control, or both; moderation or 
reflection limits, or both, exceeded. 

a. Double (multiple) batching: human error or failure 
of automatic solution addition equipment. 

b. Fissionable material content higher than expected: 
incorrect sample result, incorrect feed, sample 
mixup, or enrichment higher than expected. 

c. Slow accumulation: unrecognized slow leak. 

a. Precipitation: precipitant added inadvertently as a 
result of valving errors. 

b. Evaporation: tank abandoned (natural evaporation), 
loss of coolant, exothermic reaction. 

c. Solvent extraction: gradual accumulation of 
solvent, solvent added inadvertently, degraded 
solvent accumulates in equipment. 

a. High internal pressure causing geometry distortions: 
eructation, gas generation, exothermic reactions. 

b. Corrosion (thinning) of vessel walls causing 
increase in internal vessel dimensions: loss of 
chemistry control. 

c. Slumping: inadequate choice of material for high 
temperature environment. 

a. Flooding of location or equipment designated to 
remain dry: backflow, leak, or spill of process 
liquids; sprinkler activation when equipment 
exposed for maintenance activities. 

b. Moisture pickup from surrounding atmosphere: loss 
of control of cabinet atmosphere. 

c. Excessive reflection from nearby maintenance or 
operating personnel or the introduction of new 
material adjacent to the item of concern: 
procedural violations, maintenance activities, or 
design changes. 

d. Loss of reflection used for neutronic isolation: 
maintenance operations or facility design changes. 
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5. Loss of spacing control a. Additional units added to an array: procedural 
(interaction); spacing limits violations or design change without investigating 
exceeded. present limits. 

b. New equipment containing fissionable material 
introduced into an area already having fissionable 
material: design change without investigating 
present limits. 

6. Loss of fixed or soluble neutron 
poison control; absorber 
concentration, absorber dimension, 
or absorber leaching limits 
exceeded. 

a. 

b. 

:: 

e. 

f. 

9. 

Leaching of absorber material: loss of chemistry 
control or inadvertent addition of leaching 
materials. 

Corrosion (thinning) of absorber plates, rods, or 
Raschig rings: loss of chemistry control, failure to 
make periodic inspections, poor inspection 
measurements. 

Physical loss: fire or mechanical impact. 
Improper chemical makeup: human errors in 

calculations or procedures; incorrect sampling 
results. 

Precipitation of absorber materials from solution: 
valving error or other inadvertent addition of 
precipitant. 

Formation of scale containing absorber material: 
inadequate temperature or chemistry control, or 
poor material selection. 

Dilution of soluble absorber materials: valving 
errors introducing water or other diluents, or 
leaking across a heat exchanger. 

7. Loss of enrichment control; a. Inadvertent addition of high enriched material: 
enrichment limits exceeded. valving error, procedural error, or leakage. 

8. Unplanned transport of fissionable 
material into an unfavorable 
geometry. 

a. Leakage: from a vessel or a line, through a closed 
valve, across the tubes of a heat exchanger, or 
between lines in very close proximity due to 
vibration. 

b. Improper transport of process liquids: valving 
errors. 

c. Backflow: pressure upset - multiple initiating 
events. 

d. Back siphonage: pressure upset - multiple causes. 
e. Liquid entrainment in an off-gas line: upset in 

operating conditions. 
f. Air lift phenomena: upset in operating conditions. 
g. Overflowing a vessel with the solution flowing 

through common venting or piping to other units: 
loss of level control. 

It is not possible to identify all such possibilities; however, three examples are provided in section 
D.2 to illustrate the intent and lines of inquiry. These examples involve (I) eliminating a source of 
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water from the design concept that could potentially reach a location that must remain “dry” for 
nuclear criticality safety, (2) eliminating a potential motive force (high pressure) that could cause 
the backflow of liquid containing fissionable material to an unsafe location, and (3) eliminating a 
potential for over-concentration of solution containing fissionable material. 

5.7.7 Judging Acceptability of a Potential Criticality Scenario. Objective 4 - criticality risks are 
acceptably unlikely. The key concepts and terminology presented in this section are the Double- 
Contingency Principle, double-contingency analysis, and barriers for contingencies. 

Protecting against a credible criticality accident involves a defense-in-depth approach in which 
multiple, unlikely events must occur before a criticality accident is possible. This section provides a 
minimum acceptance standard for a potential criticality scenario based on a defense-in-depth 
approach called the Double-Contingency Principle. 

It is important that the Double-Contingency Principle be considered, implemented, and documented 
at each step of the analysis process (see paragraph 5.7.3). This does not mean that the complete 
implementation of the Double-Contingency Principle must occur during the earliest design stage of a 
new process or process modification. Rather, it means that there should be a consistent, 
documented application of double-contingency as the design evolves to finalization and as 
operating procedures are prepared. The final result, that may include several 
reports/letters/reviews, should be a clear, documented trail of how double-contingency has been 
achieved in a given facility. 

5.7.7.1 Double-contingency analysis meaning and application. A double-contingency analysis is an 
analysis of potential criticality accident scenarios for the purpose of demonstrating compliance with 
the Double-Contingency Principle by identifying appropriate barriers and means of control. A 
double-contingency analysis should be performed by the cognizant nuclear criticality safety 
specialist in concert with the design organization and facility/process operators, as needed. It 
should be an ongoing process, beginning as early as possible in the design activity and continuing 
through the preparation of operating procedures prior to start-up. The complete documentation of 
the double-contingency analysis may be composed of various design documents, reports, design 
reviews, safety analyses, letters, or other documents, but should be traceable. The Criticality 
Safety Organization should review the double-contingency analysis for sufficiency. 

The Double-Contingency Principle’s defense-in-depth approach calls for the presence of (at least) 
two controlled barriers (a loss of a barrier is referred to as a contingency) against the potential for a 
criticality accident. Each barrier shall be capable of terminating a potential criticality accident 
scenario. The basic notion is that in the event one of the barriers should fail when needed, the 
second barrier will be available to prevent the accident. For this 8ppI’OaCh to be effective, each of 
the two barriers shall be unlikely to f8ii, end shall be independent in terms of their faiure modes. 
While failure mode independence can be established, likelihood of failure cannot be well quantified 
under conditions of sparse data, such in situ conditions being desirable from a safety standpoint. 
This has led Paxton to observe, in LA-3366 (paragraph 2.3.2.4 of this Guide), that Double- 
Contingency, as a formal rule, cannot substitute for expert judgment. Paxton further states that 
experience and common sense usually provide the only basis for “likely” or “unlikely” 
determinations. See also, paragraphs 5.6.1.4 and 5.6.1.8. 

The objective of the independency of the barriers has important effects on the selection of the 
control method(s) and means of control. It is generally regarded that the highest degree of 
independency can be achieved through the control of two independent nuclear parameters such 
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that loss of control of EITHER nuclear parameter alone will not cause a criticality accident. This is 
sometimes referred to as a two-parameter barrier. For example, assume that a large, geometrically 
unsafe tank has been designed to store solution whose fissile concentration is normally well below 
the minimum critical concentration, but that could become higher than the minimum critical 
concentration due to various potential system failures. To achieve double-contingency, it is 
decided to base one barrier on concentration control and the second barrier on soluble absorber 
control. For concentration control, the barrier may be to terminate flow in a feed stream whenever 
a high concentration of fissionable material is detected. For soluble absorber control, the barrier 
may be to add soluble absorber solution if the absorber concentration is less than a specified value. 
A criticality accident cannot occur if concentration control alone is lost because of the presence of 
soluble absorber. Similarly, a criticality accident cannot occur if soluble absorber control alone is 
lost because of the normally low fissile concentration of the process solution. As discussed in 
paragraph 5.7.4, these two barriers may be implemented using engineered or administrative means 
of control. To ensure double-contingency, it is also preferred that the means of control for 
implementing the two barriers be independent of each other. Continuing the present example, to 
terminate the flow of a concentrated feed stream, the active-engineered means of control might 
include a sensor to detect high fissile concentration, the associated electrical interlock, and an 
automatic valve in the feed stream line to close upon demand. To add soluble absorber solution if 
the absorber concentration is low, the administrative means of control may be to sample the tank 
solution for boron content on a periodic basis (such as once per shift) and to manually add boric 
acid solution until the desired concentration is achieved. Thus, the means of control for 
implementing each barrier are independent of each other. This approach ensures protection against 
a wide array of accidents. It may also be possible to encounter a situation in which two 
independent barriers can be provided that have potential common-cause control failures. In this 
case, one or more separate means of control, in addition to that which has potential common-cause 
failure, should be used to ensure the action of each barrier. 

Occasions do exist, however, in which a two-parameter barrier is not feasible, and reliance is 
placed on a single nuclear parameter, that is the loss of control of a single nuclear parameter can 
lead to a criticality accident. This is often the case, for example, when using concentration control. 
In this case, multiple (at least two controls) are needed on this nuclear parameter. Here, the 
objective would be to apply the preferred control means (such as engineered controls over 
administrative controls) and to select specific controls that are as independent as possible in terms 
of common-cause failure modes. Paragraph 5.7.10 provides an example in which criticality safety 
is dependent solely on moderation control (that is, the prevention of water introduction to a “dry 
area”). Here, each of the two barriers is an active-engineered device, and they appear to be absent 
of common-cause failure modes. 

5.7.7.2 Basic steps in implementing double-contingency and performing a contingency analysis. 
The approaches used to identify potential criticality accident scenarios are discussed in paragraph 
5.7.5. The basic steps for implementing double-contingency and performing a double-contingency 
analysis of a potential criticality scenario are the following: 

a. identify the two (or more) barriers for application of the Double-Contingency Principle, 

b. show that each barrier is independent and unlikely to fail as described in paragraph 
5.7.7.3, 

C. identify all means of control associated with each barrier as described in paragraph 
5.7.7.4, and 
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d. perform a final review of the potential criticality scenario relative to all six basic nuclear 
criticality safety design objectives (paragraph 5.7.3), particularly the following two 
objectives: 

Objective 3 - to eliminate as many as possible of the identified potential criticality 
scenarios through the use of careful design, use of alternative materials, and alternative 
equipment; and 

Objective 1 - to minimize the probability of occurrence of potential criticality scenarios by 
using a preferred hierarchy of criticality safety controls. 

5.7.7.3 Qualifications for a contingency barrier. In accordance with the statement of the Double- 
Contingency Principle, it is important that each of the two barriers meet two basic requirements: 
(1) be unlikely to fail when called upon, and (2) function in an independent manner. The 
determination of whether a barrier is unlikely to fail may be made on the basis of engineering 
judgment or quantitative failure rate information, if available. Either approach should be capable of 
being defended. 

5.7.7.3.1 Quantitative guidelines for acceptable contingency barrier failure probabilities. The 
following quantitative guidelines may be used, subject to data availability, to judge whether the 
failure of a barrier is sufficiently unlikely such that it may qualify for application to the Double- 
Contingency Principle. 

Guideline 1: The estimated probability that the barrier will fail (when called upon for protection) 
is no greater than 1 in 100 demands, or stated otherwise, the unavailability is less than 
0.01 /demand), and 

Guideline 2: The product of the estimated frequency of the initiating event (expressed in 
occurrences per year) times the estimated failure probability (applied in Guideline 1) is no greater 
than 1 in 10 years. 

Thus, the calculated maximum frequency for potential criticality is 1 in 1000 years, that is, the 
frequency of the initiating event times the failure probability of the first barrier times the failure 
probability of the second barrier. The frequency of the contingent, off-normal condition is l-in-10 
years. The relative failure ratio of control (barrier that prevents criticality following the off-normal, 
non-critical) condition is 1 -in-l 00 demands (i.e., barrier exercise). Therefore, 

11 off-normal event) ( 1 criticalitv barrier failure 1 = 1 possible criticalitv 
( 10 years ) (100 off-normal event barriers) 1000 years 

It is not expected that detailed quantitative risk analyses will be available at the time initial design 
selections are made for criticality safety control. However, a reasonable expectation of the 
performance of a proposed means of control may be available from the results of past risk analyses 
or experiences with similar means of control in similar applications. Such information is useful to 
screen out means of control that may later prove to be unsatisfactory. Table 5.7.7.3.1-1 provides 
guidance as to when a quantitative analysis of double-contingency control failures should be 
performed. 
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Table 5.7.7.3.1-1. Guidelines for Performing Quantitative Risk Analysis of Double-Contingency 
Control Failures 

Type of ControlA 
Necessity of Quantitative 

Analysis of Control Failures 

Two independent control methods, each having independent 
passive-engineered means of control 

Optional 

One control method having two or more independent passive- 
engineered means of control 

Optional 

One control method having two or more redundant passive- 
engineered means of control 

Should be considered 

Two independent control methods, each having independent 
active-engineered means of control 

Should be considered 

One control method having two or more independent active- 
engineered means of control 

Should be considered 

One control method having two or more redundant active- 
engineered means of control 

Usually required 

Two independent control methods, each having independent 
administrative means of control 

Usually required 

One control method having two or more independent 
administrative means of control 

Usually required 

One control method having two or more redundant 
administrative means of control 

Usually required 

AFor combinations of passive- and active-engineered means of control, quantitative analysis of 
control failures should be considered. 

For combinations of passive-engineered and administrative means of control, quantitative 
analysis of control failures should be considered. 

For combinations of active-engineered and administrative means of control, quantitative analysis 
of control failures is usually required. 
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Formal quantitative risk analysis can be a valuable tool when properly used. The development and 
analysis of logic trees can effectively identify flaws in control schemes. The logic analysis process 
can also assist in identifying alternative criticality control methods that may be more cost effective. 
However, caution should be applied in the use of these methods. Although quantitative, the 
estimates made using these methods still rely on engineering judgment. The criticality professional 
should be aware of the potential error bands in the basic failure rate data and estimates and their 
effect on the final quantities. 

5.7.7.3.2 Guidelines for independency. The basic notion is that dual protection could be lost if a 
single (common-cause) failure exists that could act to compromise both barriers. Obviously, a 
process would be unacceptable where a single component, or subsystem, is shared by both 
barriers and whose failure would simultaneously defeat both barriers. Even with two completely 
redundant systems with complete component and physical separation, it is possible that an error in 
calibration (performed identically on both protective systems during maintenance) could 
compromise both systems. Whenever possible, diversity is preferred to redundancy. Diverse 
controls involving the measurement of two, or more, different nuclear parameters and causing two, 
or more, types of safety action are less subject to common-cause failures. 

5.7.7.3.3 Quantification of the simultaneous collapse frequency of two controls. The 
effectiveness and estimated frequency for the simultaneous collapse of two controls used for 
Double-Contingency Principle applications can be assessed for certain circumstances. That is, 
controls used for nuclear criticality safety that are periodically monitored for their continued 
effectiveness or failure and are repaired or brought into specification for continued use as part of 
the Double-Contingency Principle can be evaluated statistically to determine the expected 
simultaneous failure frequency of both controls. An example of such an approach is provided in 
Appendix C. 

5.7.7.4 Conspicuous and prominent identification of double-contingency means of control. Each 
means of control associated with the operating process that contributes to a barrier for double- 
contingency should be conspicuously and prominently identified in operating procedures. 
Consideration should also be given to conspicuously and prominently identifying the means of 
control associated with double-contingency that appear in design drawings and design reports. 
These means of control may be in a variety of forms, including various engineered and 
administrative controls. The intent of conspicuously identifying the means of control associated 
with double-contingency is that it serves to highlight to operating personnel those features, 
controls, and administrative actions that are of importance to nuclear criticality safety and that 
require special care and preservation. 

5.7.8 Operability of Criticality Safety Controls. Objective 5 - criticality safety controls are 
operable. Selections made during the design and safety analysis process will play an important role 
in the ability of facility personnel to successfully operate the facility and deal with the associated 
criticality safety controls. Several important considerations affecting operability of the criticality 
safety controls are discussed in this section. 

5.7.8.1 Identifying controls important to nuclear criticality safety. Successful operation of the 
nuclear criticality safety controls for a facility cannot be achieved without a clear understanding of 
the control features that are of importance to nuclear criticality safety. This information should be 
documented as clearly as possible and transmitted from the design and analysis process to the 
facility operators. As discussed in paragraph 5.7.9, “Documenting the Criticality Risks,” the 
important elements of documentation include (1) identification of the barriers for double- 
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contingency, derived from the double-contingency analysis, (2) identification of the associated 
means of control, and (3) information pertinent to the preservation and maintenance of each means 
of control, such as its required functional capabilities, design specifications, configuration control, 
and the testing and surveillance requirements. 

5.7.8.2 Examining the operability of the set of controls. Each means of control associated with 
double-contingency for the design concept will require facility operational support to maintain a 
necessary high level of reliability. As discussed in paragraph 5.7.4.2, some control methods 
require considerably more operational support than others. A review should be made from the 
perspective of the total program required in the facility to support the set of controls required for 
nuclear criticality safety. The objective is to ensure that the total program required is reasonably 
achievable and manageable. 

5.7.8.3 Incorporating good human factors practices. The use of good human factors practices in 
the design and operations will greatly contribute to successful operation of the criticality safety 
controls by reducing the potential for human error in operating and maintenance activities. 
Examples of useful references are found in paragraphs 2.2.2.8 and 2.2.2.9. Considerations 
include, for example, the layout and labeling of controls, valves, and displays (such as the 
identification of lines, use of colors, and labels to demarcate panel systems and functions) and the 
strategic placement of operational assistance (such as succinct instructions for use of equipment, 
storage arrays, packaging, and handling). Another important area deals with physical space and 
arrangement, based on importance and frequency of use. It is essential that these considerations 
begin early in the design and analysis process. Experience has shown that retrofitting a system to 
improve human factors following construction can be impractical or, at a minimum, very costly. 

5.7.8.4 Incorporating uniformity into the design. Incorporating uniformity (consistency) into the 
design will reduce complexity, training time, and the chances for human error. An integrated 
approach should be taken to the (total) facility design to ensure uniformity relative to nuclear 
criticality safety. For example, the selection of a criticality safety control method for each of two 
different areas in a facility that have similar processes and criticality considerations should be 
consistent, unless there is a compelling reason to do otherwise. However, this is not intended to 
exclude diversity to prevent common-mode failures. 

5.7.8.5 Facilitating sampling. For selected process and storage vessels, the ability to sample the 
solution in the vessel (such as for fissionable material concentration, presence of solids, organics, 
and other materials) will be important to nuclear criticality safety. In these cases, consideration 
should be provided in the design concept to ensure that operating personnel can obtain samples 
that are representative of the vessel contents. Ensuring sampling capability may involve proper 
location of sampling points and the incorporation of mixing and recirculation features. The timely 
results of sample analyses assist in smooth and safe operations. 

5.7.8.6 Facilitating inspection and maintenance. For selected process areas and equipment, the 
ability of operating personnel to perform periodic inspections and maintenance activities will be 
important to nuclear criticality safety. This may include, for example, the need for periodic 
inspections of equipment, piping, duct-work, and the annular space between double-walled tanks 
for possible accumulations of solid fissionable material; inspections of liquid levels in tanks; 
inspections of equipment dimensions; inspections for leaks; inspections of fixed absorbers; and 
inspections for maintenance of engineered criticality safety controls. Both visual inspections and 
the use of portable monitoring devices may be necessary. During the design process it is important 
to identify those portions of the facility requiring such inspections and to provide appropriate design 
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features to facilitate inspection activities such as viewing-ports, absence of hidden areas, and 
physical accessibility. 

The possibility of fissionable material buildup in exhaust or other duct-work systems requires 
particular attention. Where it is determined to be necessary for nuclear criticality safety, the design 
of exhaust duct-work should provide for (11 access points for visual inspection using video 
cameras, fiber-optic devices, or the unaided eye, and for equipment used for removal of fissionable 
material (such equipment should be geometrically safe); (21 adequate work space to accommodate 
periodic monitoring of the duct-work using portable equipment such as gamma-monitoring 
equipment, and, if gamma monitoring is intended, sufficient distance from nearby gamma sources 
to minimize or lessen background radiation; (3) consideration of making the duct-work itself 
geometrically safe, where it is not possible or practical to prevent the potential accumulation of 
fissionable material; (4) the capability to clean the duct-work without tearing it down (this can 
often be done by avoiding sharp angles and (5) the use of internal pull brushes to move material to 
access points); and the minimization of sudden expansions, sharp bends, dampers, long horizontal 
runs, and internal obstructions that contribute to making particles fall out of the air or inert gas 
stream. 

5.7.8.7 Facilitating flushing. In some cases, the ability to flush a line or a tank will be important 
to nuclear criticality safety. Necessary provisions should be included in the design concept to 
permit a high-quality flushing operation, such as compatibility of flushing chemicals with the 
materials of construction, proper line sizes and slopes, adequate line supports to limit sagging, 
incorporation of special valves needed for the flushing operation, proper location of the flush 
addition and exit points, and isolation of the chemical flush feed tanks to prevent backflow of 
fissionable material into the tanks. 

5.7.8.8 Anticipating process changes. When designing facilities and equipment intended to 
process low concentrations, low enrichments, or low masses of fissionable material, such that 
nuclear criticality safety is not a problem, it is important to anticipate that process changes may be 
requested in the future, that is, a new feed stream may be added or a higher enrichment may 
require processing. In such cases, it is prudent to incorporate some form of criticality safety 
control into the design or to make suitable provision for adding criticality safety controls in the 
future. 

5.7.8.9 Accommodating fire control systems. One of the important nuclear parameters related to 
nuclear criticality safety is neutron moderation. In the absence of moderating materials such as 
water, relatively large masses of fissile nuclides in the form of powders or metals may be safely 
handled. If the presence of water is possible, however, some operations with dry fissile nuclides 
may have to be severely constrained, modified, or eliminated. 

A potential conflict exists between nuclear criticality safety and fire safety over the use of 
moderating agents such as water for fire suppression systems. An analysis is necessary to 
determine if a credible inadvertent criticality accident could be caused by an automatic sprinkler 
system or the use of fire hoses. This analysis should involve nuclear criticality safety, fire safety, 
and safety analysis personnel. If a credible inadvertent criticality accident is not possible, then a 
water sprinkler system and fire hoses should be used. However, if a credible inadvertent criticality 
accident is possible, then alternative fire suppression systems should be employed. There are also 
situations in which a water sprinkler system is acceptable, but the use of high-pressure fire hoses 
is unacceptable because of the potential to rearrange items in an array. 
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In some situations, it is reasonably simple to make changes to equipment and operations such that 
the use of water is permissible. For example, revising the unit spacing of a storage array and 
taking steps to ensure that fissile units cannot be rearranged can make the use of water acceptable 
in the form of automatic sprinklers or fire hoses. In other cases, taking provisions to prohibit the 
accumulation of water in equipment by the use of appropriately placed and sized drainage holes, 
the use of an enclosure, or increasing the slope of piping may make the use of water acceptable. 

In certain situations in which nuclear criticality safety is a concern, it may be possible to use 
borated water as a fire suppression agent. If borated water is to be used, a dedicated source of 
borated water should be available, and the concentration of boron should be periodically confirmed. 

If the use of water is not permissible in operations with fissile nuclides, then the operating and 
design personnel should work with nuclear criticality safety and fire safety specialists to find a 
suitable alternative. From a nuclear criticality safety perspective, there are usually no restrictions 
on the use of dry chemicals, carbon dioxide, most foams, or inert gases as fire suppression agents 
in facilities that handle fissile nuclides. However, fire safety specialists will have to agree on the 
adequacy of these other fire suppression agents for a given facility and operation. Industrial safety 
specialists will also be concerned with the use of some of these alternative fire suppression agents 
because they will displace air and could potentially asphyxiate workers. Signs should be 
conspicuously displayed to alert fire fighters and workers if the use of water is not permitted and to 
identify what fire suppression agents are acceptable. 

5.7.9 Documenting the Nuclear Criticality Safety Control Design. Objective 6 - criticality analysis 
and controls are documented. Documentation of the nuclear criticality safety control design for 
fissionable material in process, storage, or transportation is essential for use by engineering design 
personnel, persons engaged in the design review process, facility operating personnel, cognizant 
nuclear criticality safety staff, and process reviewers and auditors. The five basic control design 
objectives discussed previously in this Guide serve as a focal point for the documentation effort. 
Guidelines for documentation are presented in Table 5.7.9-1, and specific guidance on the content 
of the nuclear criticality safety control design is provided in paragraphs 5.7.9.1 through 5.7.9.2. 

The following provides an acceptable method for documenting those elements of a nuclear 
criticality safety control design described in the previous sections of this chapter and in Table 
5.7.9-l. The level of detail for the process should be commensurate with the complexity of the 
fissionable material operation. Documentation of the analysis should consist of the following three 
parts: 

1. Nuclear Criticality Safety Control Design Proposal - The description of the proposed fissionable 
material facilities; equipment; processes; potential criticality scenarios; process-, operational-, 
and equipment-controls related to the potential criticality scenarios; and contingent conditions 
(provided by engineering process/equipment design and operations supervision and assisted by 
the cognizant NCS specialist, as needed). 
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Table 5.7.9-l. Summary of Nuclear Criticality Safety Control Design Documentation Objectives 
Section of Design 

Category Documentation Objective Guidelines Objective 

Documentation relative to Risks are identified: Present all Paragraph 5.7.5 
each specific location potential criticality scenarios that were 
where criticality is identified using devices such as logic 
credible. diagrams, tabulations. 

Obj. 2 

Documentation relative to Risks are minimized: Show that the Paragraph 5.7.4 
each potential scenario most preferred criticality safety control 
identified above. method(s) has (have) been employed 

and that it is (they are) practical for the 
set of conditions. 

Obj. 1 

Risks are eliminated: Describe Paragraph 5.7.6 
considerations given to feasible design 
alternatives to eliminate the potential 
scenario. 

Obj. 3 

Risks and controls are acceptable: Paragraph 5.7.7 
Show compliance with the Double- 
Contingency Principle, including: 

Obj. 4 

Identification of the two barriers 
and the basis for qualification. 

Identification of the means of 
control, including functional 
requirements such as specifications, 
time responses, set points, and 
information pertinent to care, 
maintenance, and testing. 

Information relative to the Operability of controls: Describe the Paragraph 5.7.8 
facility as a whole. general approach taken to the nine 

design considerations listed in 
paragraph 5.7.8 aimed at facilitating 
successful operations of the set of 
criticality safety controls by facility 
operating personnel. 

Obj. 5 
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2. Nuclear Criticality Safety Evaluation (NCSE) - The descriptions and results of the nuclear 
criticality safety evaluations (calculations, comparative analyses, standard references, and other 
resources) for all normal and contingent conditions identified in the proposal or subsequently 
considered and reviewed by the design and operations personnel. The content of NCSEs is 
discussed in Section 5.9. 

3. Nuclear Criticality Safety Control Design - The consolidation and referencing of the proposed 
fissionable material operations and the nuclear criticality safety evaluation to ensure that the 
objectives of Table 5.7.9-l are addressed. 

5.7.9.1 Documentation of the nuclear criticality safety control design proposal. Fissionable 
material operations management and appropriate process/equipment engineering design personnel 
should provide the necessary written information so that the cognizant NCS specialist organization 
can adequately evaluate the subcriticality and analyze the safety of proposed fissionable material 
operations. This information should include the following, as appropriate: 

a. Sufficient information provided for an adequate understanding of the process by the NCS 
analysts. This information may include as-built (Title III) engineering drawings, flow 
diagrams, facility layout drawings, sketches, and operating procedures. 

b. Description of normal and all credible abnormal changes (contingencies, potential 
criticality scenarios) in process conditions that could alter a nuclear parameter. 

C. Identification of passive and active safety controls that are part of the process. Safety 
systems and safety class items should be identified along with the applicable nuclear 
parameters. Safety limits, limiting safety system settings, and limiting conditions of 
operations should be specified as appropriate. 

d. Identification and description of process including: flows; intermediate storage; 
transport: and usage, identification, and spacing of portable containers. 

e. Identification of materials (fissionable and nonfissionable) potentially affecting the 
process, along with their physical and chemical forms and properties. The accuracy and 
precision of measurements used to characterize materials should also be provided. 

Information provided for the nuclear criticality safety control design should be “signed-off” by two 
individuals knowledgeable of, and responsible for, the development of the proposed fissionable 
material operation and by two individuals knowledgeable of, and responsible for, the fissionable 
material operation after completion of the safety analysis. 

5.7.9.2 Documentation of the nuclear criticality safety control design. The control design should 
be provided by the NCS organization (with assistance, as needed, from the process/equipment 
engineering design and operating personnel) as a controlled document that includes 

a. the nuclear criticality safety control design proposal in its entirety; 

b. the NCSE in its entirety; 

C. a discussion providing the basis for not using preferred criticality safety control 
method(s); 
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d. 

e. 

f. 

9. 

h. 

a description of considerations given to feasible design alternatives that could eliminate 
potential criticality scenarios; 

a demonstration of compliance with the Double-Contingency Principle, including the 
identification of multiple barriers and their bases for qualification, and the identification of 
the means of control, including functional requirements and information pertinent to care, 
maintenance, and testing such as specifications, time responses, set points, and 
inspection and maintenance intervals; 

the reiteration of the nuclear criticality safety control design proposal limits and controls 
and any additional NCS limits and controls developed during the iterative evaluation and 
analysis process; 

a discussion about the operability of criticality safety controls by facility operating 
personnel; and 

the signing of the nuclear criticality safety control design proposal by 

0 the cognizant NCS specialist and peer reviewer to indicate completeness of the 
nuclear criticality safety control design (If the evaluation or peer review is 
accomplished through the use of personnel outside of the installation NCS 
organization, the installation and NCS organization management should provide the 
qualifications and bases for any alternative use of non-installation NCS specialists.), 
and 

0 the fissionable material operations supervision and equipment/process engineering 
design personnel, indicating the understanding and acceptance of the nuclear 
criticality safety analysis results. 

5.7.10 Examples. Appendix D provides some examples of a double-contingency analysis, the 
elimination of unnecessary scenarios, and passive and active controls. 
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5.8 SOFTWARE QUALITY ASSURANCE AND VALIDATION. 

5.8.1 Software Requirement. Only verified, validated, documented, and configuration controlled 
software shall be used for performing calculations supporting criticality safety analyses. The 
software used for calculations shall be the same version used in validating the software for 
determining areas of applicability and subcritical acceptance criteria or upper subcritical limits. The 
dated, unambiguous, and unique identification of the software should be stated. As temporary as 
the use may be, programmable calculator use and personal computer programs also should be 
thoroughly tested, verified, validated, and documented for application to the problem being 
calculated when the results of such applications are incorporated in NCSEs. 

5.8.2 Verification of Calculational Method. For software program development, the verification 
process shall be applied throughout the activities involving problem and software definition, 
software design, coding, integration and testing, installation and continued operation, and 
maintenance. For independently developed, tested, verified, and packaged software that is 
migrated or ported to an intended user computer/calculator platform, verification of integration and 
testing and continued operation and maintenance shall be performed. The verification process shall 
conform to the guidance provided in the applicable document paragraphs 2.1 .17, 2.2.2.7, 
2.3.1.16, and 2.3.1.17. 

5.8.3 Software Configuration Control. Appendix E provides an acceptable approach for software 
configuration control that addresses the requirements of government and industrial standards 
described in the reference of paragraph 2.2.2.7. 

5.8.4 Validation of Calculational Method. The justification for the validity of the selected 
computational method should be documented and should include 

(a) 

(b) 

(cl 

(d) 

b-3) 

(fl 

(9) 

the selection and description of the critical experiments used in the validation, or an 
appropriate reference that describes the experiments in adequate detail to permit 
reconstruction of computational input, 

the selection and description of the computational method that is to be validated along 
with any necessary data for performing calculations or comparisons (e.g., neutron cross 
sections, material bucklings, limiting surface densities, or other similar data), 

the selection and description of the computer/calculator platform and associated 
operating system used in the validation, 

the nuclear properties, such as cross sections, which should be consistent with 
experimental measurements of these properties, 

a description of similarities and differences between the critical experiments and the 
calculational models used for the validation, 

all geometric, material, and nuclear physics related input variables used for the validation 
of the calculational or comparative method, with sketches provided, 

the basis for the calculational or comparative bias and the determination of an 
acceptance criterion for calculated subcritical results, and 
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0-d the areas of applicability of the calculational or comparative bias and the acceptance 
criterion, and upper subcritical limit, developed from the validation effort. 

Example approaches for performing a computational technique validation are provided in 
Appendix F. 

5.8.5 Code user corroboration. Code users shall perform at least somedf the validation and cross- 
check calculations to demonstrate their ability to use the codes properly. Also code users should 
compare results between codes, experimental data, and hand calculational methods insofar as 
practical to provide sanity checks on results. Lastly, as a separate effort, code users should 
participate in blind round robins periodically to demonstrate continued competence with the 
methods and data used in evaluations. 
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5.9 NUCLEAR CRITICALITY SAFETY EVALUATION (NCSE) GUIDELINES. This section provides 
discussions and guidelines for the performance and documented content of nuclear criticality safety 
evaluations used for defining the technical bases of subcritical limits and derivative operating 
values. These subcritical limits and derivative operating values may be developed from criticality 
safety analyses and may be specified in criticality safety approvals for fissionable material 
operations. Additional information can be found in the reference cited in paragraph 2.1 .19. 

5.9.1 Personnel Requirements for Performing NCSEs. Only trained, technically competent, 
authorized, personnel shall perform nuclear criticality safety evaluations/calculations and peer 
reviews. Qualification of these individuals should include formal and informal instruction, on-the- 
job training, and training by peer resources and by external sources (as necessary), as discussed in 
paragraph 5.2.2, A.2. 

5.9.2 Performance and Documentation of the NCSE. Before starting a new operation with 
fissionable materials or before an existing fissionable material operation is changed, an evaluation 
shall be performed to determine that the entire process will be subcritical under both normal and 
credible abnormal conditions.s8 The evaluation shall 

a. be documented with sufficient detail, clarity, and lack of ambiguity to allow independent 
evaluation and judgment of results,” and 

b. explicitly identify the controlled nuclear and process parameters and their associated 
limits upon which nuclear criticality safety depends. 

In an emergency or otherwise in the interest of safety, the evaluation and its documentation may 
be performed in whole or in part after the fact. The documentation shall also include a justification 
for performing recovery actions prior to completing the normal evaluation process described above. 

The nuclear criticality safety calculations used to demonstrate subcriticality for actual process 
criticality safety analyses should be reported in a traceable document. The calculations should be 
documented in a stand-alone report or be included in a criticality safety analysis that includes the 
following: 

(a) a verification of the accuracy of the information provided in paragraph 5.7.9.1; 

(b) a list of the nuclear parameters, associated controls, and contingencies along with 

0 a justification for excluding consideration of any nuclear parameters perceived not to 
be affected by the operation or identified contingencies; 

0 identification of the method(s) of control (physical and administrative) for each 
nuclear parameter; 

98ANSI/ANS-8. l-l 983,R88, section 4.1.2. 

99ANSI/ANS-8. l-l 983,R88, section 4.3.6 (1). 
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0 identification of contingencies including normal and credible abnormal process 
conditions and external events such as natural phenomena, floods, and fires; and 

0 changes that may require a new or modified criticality safety analysis, which would 
include, but not be limited to, changes or modifications in 

the location of a piece of equipment or glovebox in which fissionable material 
will be handled, processed, or stored, 

the geometry of a piece of equipment that will contain fissionable material or a 
change in the geometry of fissionable material itself, 

fissionable material nuclide or enrichment, 

physical or chemical form of the fissionable material, 

the density or concentration of the fissionable material, 

the quantity of fissionable material or batch size, 

the moderation or reflection of fissionable material, 

a processing sequence involving fissionable material, 

the method of containment of fissionable material, 

the method or location of storing fissionable material, including changes in the 
spacing of containers or type of containers, 

the quantity or type of neutron poisons, including changes in the decision to 
use or discontinue use of neutron poisons, 

the method of moving fissionable material within a facility or around the site, 

credible errors or accidents, or change in the probability of accidents, in 
handling, processing, or storing fissionable material, and 

passive or active engineered controls or administrative controls whose purpose 
is to satisfy the double-contingency principle, including changes in the type of 
equipment, its independency, or its reliability; and 

(cl an evaluation for each of the controls and contingencies identified that justifies the 
subcriticality of the fissionable material operation given the failure of a single control or 
the occurrence of any credible event. 

The subcriticality of contingent conditions may be based upon American National Standard Institute 
(ANSI) consensus standards. Values from other documented sources should be verified with 
validated computational techniques, enveloping experimental data, or ANSI/ANS standards values. 
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Experimentally determined critical data may be used directly to determine NCS specifications 
provided an adequate margin of subcriticality and safety is justified. 

Specific requirements and content for NCSEs are provided in the reference cited in paragraph 
2.1.19. 

5.9.2.1 Peer review. Before the nuclear criticality safety evaluation may be applied to authorize a 
fissionable material operation, a peer review shall independently evaluate the calculations and verify 
that the above requirements for conducting the NCSE have been satisfied and that the calculations 
are correct. 

Results of all NCSEs shall be peer reviewed and concurred by a second NCS specialist 

(a) to confirm the proper translation from potential criticality scenarios and contingent 
conditions to appropriate evaluation models for use in a comparative analysis with 
experimental data, ANSVANS values, or computational technique, 

(b) to verify that sufficient detail and results of calculational information is available to permit 
independent review, computations, or comparative analyses of the evaluation models, 
and 

(cl to verify that the evaluation models were actually computed or compared with reference 
data/values. 

Peer acceptability is based on two requirements: technical qualifications and independence, both 
of which shall be satisfied. 

The technical qualifications of the peer reviewer should be at least equivalent to that needed for 
the original work under review and should be the primary consideration in the selection of a peer 
reviewer. The peer reviewer should have recognized and verifiable technical credentials in the 
technical area being reviewed. 

In so far as practicable, the peer reviewer should be independent of the original work to be 
reviewed. Independence means that the peer reviewer was not involved as a participant, 
immediate supervisor, or advisor in the work being reviewed, and to the extent practicable, has 
sufficient freedom from funding considerations to ensure that the work is impartially reviewed. 

The independence criterion is not meant to exclude eminent scientists, engineers, or onsite nuclear 
criticality safety specialists qualified as peers upon whose earlier work certain portions of the work 
under review is based, so long as a general scientific consensus has been reached regarding the 
validity of his/her earlier work. 

Included in the peer review process are the verification of actions and responsibilities for 
maintaining the quality and integrity of the nuclear criticality safety software system used in 
support of the contractor installation nuclear criticality safety organization(s). Except when 
specifically included in a Software Catalog, vendor-supplied systems software such as operating 
systems, linkers, compilers, and data-base management systems used by the contractor installation 
are excluded here and covered by separate configuration control for which the contractor is 
responsible. (See Section 5.8 and Appendix E.) 
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An assessment should be made to ensure the fissionable material operation under consideration has 
proper radiation detection coverage by the installation or facility CAS or CDS (Section 5.4). 

5.9.2.2 NCSE documentation. Examples of NCSEs that have been adapted to follow the above 
guidelines are provided in the reference in paragraph 2.1.19. They were prepared at various DOE 
facilities and are presented for illustration purposes only. 
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APPENDIX A. PERSONNEL SELECTION, QUALIFICATION, TRAINING, AND 
STAFFING PROGRAM 

The purpose of the program is to establish (develop and document) the selection, qualification, 
training, and staffing requirements for personnel such that persons are qualified to carry out their 
assigned responsibilities, that they have a broad understanding and acceptance of the inherent risks 
involved with the operations, and that they maintain a job performance proficiency consistent with 
effective control of the hazards and risks associated with the operations. Three broad categories 
of the program are considered in this appendix. The categories are (I) the operations and support 
personnel associated with fissionable material operations outside of reactors, (2) the installation 
nuclear criticality safety staff, and (3) visitors and clerical employees. The personnel selection 
criteria and depth and breadth of nuclear criticality safety training are necessarily variable, 
depending on the work assignments of personnel. The ensuing discussion in this appendix is 
intended to provide guidance for organizations establishing new programs or improving current 
programs. This guidance is presented in an a posteriori form, expressly to emphasize that the 
specificity of structure and nomenclature for personnel selection, qualification, training, and staffing 
is illustrative and suggestive rather than recommendatory. General requirements of the program are 
provided in the applicable documents listed in paragraphs 2.1.9 and 2.3.1 .I 2. 

A.1 Program for Operations and Support Personnel. The category of operations and support 
personnel includes fissionable material handlers and their supervisors, operations support, design, 
maintenance, technical support (including the members of the Nuclear Criticality Safety 
Organizations) and emergency response personnel, managers and other administrative personnel, 
and persons who enter areas where fissionable material is processed, stored, or handled. Guidance 
for the selection, qualification, training, and staffing requirements of these persons is provided in 
Chapter IV of DOE Order 5480.20 and ANSUANS-8.20-1991. As consistent with job assignments 
and personnel acknowledgement of job hazards and risks, the following elements should be 
considered for inclusion in the training and qualification program. 

A.1 .l Continuing proficiency of personnel. Establish the training and qualification program to 
provide continuing proficiency of personnel. Tailor the program to job responsibilities, conduct of 
the job, recognition of hazards, and acceptance of risk. Establish requirements of refresher 
training. Such training shall be provided at least every two years.‘@’ 

A.l.2 Nuclear fission chain reactions and accident consequences. Discuss the concept of a 
nuclear fission chain reaction. Make a distinction among families of chain reactions in which 
fission rate decreases with time, those that are sustained with a constant fission rate, and those 
that have an exponential increase in the fission rate. lo1 Describe the time history of super-critical 
excursions for both metal (fast neutron) systems and for moderated (slow neutron) systems.lo2 
Include information about the kinetic energy release during the fission burst and compare it to the 

‘OODOE 5480.20A, Chapter I Section IO. 

‘“‘ANSI/ANS-8.20-1 991, section 7.1 .I. 

‘02ANSI/ANS-8.20-l 991, section 7.1.2. 
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equivalent energy measured in familiar events; for example, chemical explosions.‘o3 Distinguish 
between the initial, the delayed, and possible radiation doses from criticality accidents in light of 
expected doses at various distances from the source of the criticality as influenced by the rapidity 
of evacuation. Discuss health effects of criticality accidents. 

A.l.3 Neutron behavior in fissioning systems. Describe neutron induced fission, neutron capture, 
and neutron scattering and leakage. lo4 Discuss the influence of neutron energy on the fission 
probability.‘05 Explain neutron moderation as the mechanism that reduces the neutron energy.“’ 
Identify several good neutron moderators. Discuss the use of neutron absorbers (poisons) with 
emphasis on caveats when relying upon soluble neutron poisons. 

A.l.4 Criticality accident history. Review and describe selected criticality accidents. Include a 
discussion of the causes of the accidents and their terminations. 

A.l.5 Response to criticality accident alarm signals. Train personnel in the recognition of, and the 
response to, criticality accident alarms and the relationships of distance, time, and shielding to the 
reduction in a received radiation dose. 

A.l.6 Nuclear criticality safety parameters. Explain and illustrate the influence of various nuclear 
criticality safety parameters on process safety. These include mass, geometry, 
interaction/separation, moderation, reflection, concentration, volume, density, neutron poisons, 
heterogeneity, and enrichment. Illustrate the concept of contingencies (i.e., the loss of a nuclear 
criticality safety parameter control) by examples pertinent to facility operations. Review and 
discuss facility single parameter limits. 

A.l.7 Policy and procedures. Describe the facility management’s nuclear criticality safety policy 
and include discussions about the use of operational and facility configuration control procedures 
for the control of nuclear criticality safety parameters. Inform employees of their right to question 
any operations that they believe may not be safe. 

A.l.8 Evaluations. Periodically, perform and document evaluations of the training program and 
trained personnel. Retain documentation of the evaluations in accordance with DOE 0 200.1, 
formerly DOE Order 1324.2A and DOE Order 5480.20. 

A.2 Installation Nuclear Criticality Safety Staff. This category includes the manager and members 
of the installation Criticality Safety Organization who are responsible for performing computational 
or comparative evaluations and safety analyses for fissionable material operations; for developing 
procedural, process, and control requirements; and for providing procedural, process, and 
equipment/facility reviews and approvals, nuclear criticality safety training program development, 
and facility operational reviews, appraisals, audits, and investigations. Broad personnel selection, 

103ANSIIANS-8.20-1991, section 7.1.2.1. 

104ANSI/ANS-8.20-1 991, section 7.2.1. 

10’ANSI/ANS-8.20-1991, section 7.2.2. 

‘06ANSI/ANS-8.20-1 991, section 7.2.3. 
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qualification, training, and staffing requirements are provided in the applicable document listed in 
paragraph 2.1.9. The professional personnel charged with implementing the programs identified in 
this Guide are designated nuclear criticality safety specialists (NCSS). 

A.2.1 Qualification. There are currently only general qualification requirements,“’ but ongoing and 
future qualification of individuals should consider developing confirmable documentation that 
addresses the following: 

1. A demonstrated capability to perform installation-specific analyses (and, if appropriate, 
facility-specific analyses) of the NCSS job and its tasks for existing and experienced new- 
hire NCSS personnel. 

2. A qualification checklist, file, card, or other record that identifies each applicable task and 
the method(s) by which competence has been demonstrated through apprenticeship for 
inexperienced new-hire personnel with performance evaluation based on actual or 
representative work products. 

3. A baseline education of a baccalaureate degree in engineering or science and a minimum 
experience in nuclear criticality safety at the facility of one (1) year to independently 
perform NCSS tasks (e.g., be classified as a Specialist), and three (3) years to provide 
independent review and quality assurance of NCS tasks (e.g., be classified as a Senior 
Specialist). Equivalencies may be established. 

4. Certification of final qualification by line and safety management. 

5. Periodic competence confirmations based on practical exercises in one or more of the 
four functional specialties (see paragraph A.2.2) consistent with their responsibility and 
level of activity in each area. 

Qualification documentation should address the following three points: 

1. Modes: 
a. Formal training (onsite and offsite), 
b. Apprenticeship and structured on-the-job training, and 
C. Professional development activities. 

2. Functional specialization (e.g., code validation, double-contingency analysis, process 
support, procedure reviewer, peer reviewer): 
a. Analysis, 
b. Evaluation, 
C. Implementation, and 
d. Confirmation. 

3. Technical proficiency for each functional specialization (e.g., novice, apprentice, expert). 

For the purposes of this section, nuclear criticality safety specialists (NCSS) are collectively the 
professional staff with primary responsibility for implementing the activities and programs required 

lo7DOE Order 5480.20A, Chapter I, 7.g. 
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to support this Guide. As defined below, the job designation, “Specialist,” is that of the baseline 
individual capable of performing independently (perhaps in a designated functional area). The more 
highly qualified Senior Specialist has additional responsibility for providing independent review and 
oversight. The titles are functional and, therefore, independent of site-specific human resource 
designations that may include engineer, senior engineer, etc., and may have intermediate 
classifications. 

This section provides guidelines for judging initial qualification and continuing competence of 
nuclear criticality safety specialist personnel. DOE Order 5480.20, “Personnel Selection, 
Qualification, Training, and Staffing Requirements at DOE Reactor and Non-Reactor Nuclear 
Facilities” (2-20-911, does not address qualification for the NCSS position specifically. However, 
this Order does address qualification requirements for positions that have similar and related 
responsibilities (as described in paragraph A.2.3.5). 

Engineers and other personnel assigned a limited number of tasks related to nuclear criticality 
safety, and technicians performing routine tasks under direct guidance from nuclear criticality 
safety specialists (e.g., audits using a checklist, computer testing, etc.) are excluded from this 
Guide. However, all shall be qualified for the tasks they perform and may participate in appropriate 
portions of the program described herein. 

The qualification processes described in this section require documentation and management 
approval for qualifying NCSS personnel. Qualification ultimately is the responsibility of 
management, which should also address personal characteristics of maturity, judgment, decision- 
making ability, independence, and teamwork. 

This qualification process allows for specialization in one or more of four functional specialties in 
the nuclear criticality safety discipline and assumes the ability and availability for an anticipated 
mode-of-progression in job responsibilities from Entry-Level to Senior Specialist followed by ongoing 
demonstration of continuing competence. 

A.2.2 Functional specialties. As noted in the applicable documents above, all nuclear criticality 
safety specialists are considered to be personnel who are 

l familiar with the physics of nuclear criticality and with associated safety practices to 
furnish technical guidance to management appropriate to the scope of operations; 

0 skilled in the interpretation of data pertinent to nuclear criticality safety and familiar with 
operations to serve as advisors to supervision; 

0 involved in technical support functions of surveillance, of analyzing facility data, planning 
modifications, reviewing programs, and resolving technical problems within the area of 
nuclear criticality safety; and 

0 having the responsibility and authority to comment on, or review and concur with, 
nonreactor nuclear facility fissionable material operating processes and equipment. 

Thus, collectively, each requires competence in physics of nuclear criticality, associated safety 
practices, and familiarity with facility operations. However, individual specialists may be qualified 
to meet all responsibilities or may have specialization consistent with the collective competence of 
the entire organization. This section allows for, but does not require, broad specialization 
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consistent with traditional nuclear criticality safety practices. The following generic areas are 
addressed: 

1. 

2. 

3. 

4. 

(Safety) Analysis -- performing design analysis for processes and equipment and for 
integrated safety assessment with attention to nuclear criticality safety. 

Evaluation -- performing the unique subset of (safety) analysis that deals with computer 
and other evaluations for system subcriticality (subsequent use of the term 
analysis/evaluation reflects the interrelationship between the two functions). 

Implementation (Administration) -- providing administrative interface for integrating 
analysis/evaluation with facility operations and practices (e.g., procedures, specifications, 
postings, and training) and for meeting regulatory and other requirements. 

Confirmation -- performing audits and other assessments of compliance with 
analysis/evaluation requirements and conditions, regulatory requirements, and other 
requirements. 

The four basic functional categories (analysis, evaluation, implementation, confirmation) are 
described in more detail in the following sections, but they are quite arbitrary, both in name and 
content. They represent overlapping functions requiring each nuclear criticality safety specialist to 
have common baseline knowledge of all responsibilities. An analysis of the nuclear criticality safety 
specialist responsibilities and tasks will be necessary to define common baseline requirements, 
name and define each functional specialty (if used), and establish qualification requirements 
including education, experience, classroom, and on-the-job training. 

Each of the four generic functional specialties and the continuing competence to perform NCSS 
tasks (whether divided among the analysis, evaluation, implementation, and confirmation functions) 
is described below. 

A.2.2.1 Analysis. Analysis, according to this Guide, is a thorough description -- developed by non- 
reactor nuclear facility safety management, engineering design personnel, and facility operations 
supervision -- that includes sufficient facility, equipment, and fissionable material process 
descriptions and controls to permit the identification of normal and abnormal conditions and means 
of attaining those conditions. This will enable performance of a safety analysis specific to nuclear 
criticality that identifies contingent conditions (potential criticality scenarios) and the bases for 
subcriticality (nuclear criticality safety evaluation) and for nuclear criticality safety (NCS). 

Alternatively, (safety) analysis is the documented process to systematically identify the hazards 
inherent in an operation; describe and analyze the adequacy of the measures taken to eliminate, 
control, or mitigate identified hazards; and analyze and evaluate potential accidents and their 
associated risks. Criticality safety analysis is an important aspect of this in non-reactor nuclear 
facilities. The NCSS provides unique attention to this aspect. 

This analysis includes 

(a) modelling facility response to accident conditions and performing related studies or 
calculations, 

(b) documenting and reviewing calculations used in safety analyses, and 
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(cl coordinating specialized assistance from safety specialty analysts; these latter safety 
specialty analyses are analytical determinations that include 

0 performance and review of special safety analyses and computer code development and 
validation related to these calculations, including risk assessment, radiation dose 
consequence analysis, and criticality analysis; 

0 preparation and review of safety analysis report chapters, or portions thereof, that relate 
to specialty skills; and 

0 specialty project assignments that require specific skills and/or qualifications that an 
individual possesses. 

A.2.2.2 Evaluation. Evaluation, according to this Guide, is a documented demonstration of the 
technical computational basis or comparative evaluation with experimental data that provides the 
subcritical operating values in support of the nuclear criticality safety analysis. An evaluation is a 
subset of an analysis. It frequently is treated as a separate function based on precedent and due to 
the unique need for, and substantial attention directed toward, demonstrating subcriticality for 
normal, upset, and accident situations and configurations identified in safety analyses. Also of 
importance is maintaining and validating the computer codes and systems used for this purpose. 
Where evaluation may be a dominant facet of nuclear criticality safety analysis, it does not by itself 
constitute safety analysis. 

A.2.2.3 Implementation. Implementation is the process of bringing into existence engineered 
safety features, parameter limits, and other controls for criticality safety. It includes most of the 
nuclear criticality safety activities other than those directly involved in performing safety analysis 
and evaluation (and the specific confirmation activities described next). An important ingredient is 
providing advice to, or otherwise assuring appropriate attention of, management and supervision on 
their numerous and diverse responsibilities regarding maintaining engineered safety features, 
keeping parameters within limits, and enforcing other controls for criticality safety. Another 
ingredient is providing needed administrative interface to the other functions, such as integrating 
the analysis/evaluation inputs and outputs with facility operations (e.g., work practices, 
procedures, specifications, postings, and training) and identifying audit needs and responding to 
identified deficiencies. A major responsibility is ensuring that regulatory and other requirements 
(e.g., demonstration and documentation of double-contingency) are met. 

A.2.2.4 Confirmation. Confirmation includes performing audits and other assessments of 
compliance with conditions used in, and specified as a result of, the analysis/evaluation processes, 
with regulatory requirements and with other requirements. As deviations and associated trends are 
identified, corrective actions may be developed jointly with facility management as part of the 
implementation function. 

A.2.2.5 Continuing competence. Continuing competence consists of maintaining the ability to 
perform the NCSS tasks whether they are divided functionally among analysis, evaluation, 
implementation, and confirmation. 

A.2.3 Qualification process. This section provides guidelines for judging competency and 
determining qualification of nuclear criticality safety specialist personnel. It describes the overall 
approach, mode-of-progression, functional breakdown, and requirements. 
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The qualification process described herein requires documentation and management approval. 
Thus, it is a form of certification. However, the term is avoided here because DOE Order 5480.18 
defines certification as being the product of an accredited, performance-based training program. 
Although not necessarily accredited, the underlying principles of performance-based training do 
apply to this training program. 

The requirements of this Guide also apply to temporary or consultant personnel who serve as NCSS 
or perform major NCSS tasks (e.g., evaluations of subcriticality). They should meet the 
qualification requirements consistent with the tasks assigned (i.e., Apprentice if performing under 
supervision, Specialist if working independently, and Senior Specialist if providing review and 
oversight). 

A.2.3.1 Principles. The qualification process applies to both new personnel and those currently 
serving as NCSS. In the latter case, there is no “grandfathering” per se, but rather a qualification- 
by-documentation process. At the time the Guide takes effect at a facility, incumbents may be 
assumed to be qualified to fulfill current job responsibilities. They verify the qualification by 
documenting how each major set of task items was met, addressing any deficient areas with 
training or practical exercises, and meeting the continuing competence requirements (as outlined in 
paragraph A.2.6) on an established schedule. The qualification process does not apply to 
consultants and temporary personnel under direct guidance, surveillance, and performance or task 
acceptance review from qualified nuclear criticality safety specialists for specifically directed tasks 
(e.g., audits, computer testing, etc.). 

Qualification is judged based on a combination of education, experience, training, and professional 
development. The training consists of formal classroom activities and structured on-the-job training 
(OJT) that stresses actual work performance under close guidance from a Senior Specialist and 
detailed evaluation of, and feedback on, work products. 

This section describes processes for qualification of NCSS personnel that are necessary, but not, 
by themselves, sufficient. Qualification is the ultimate responsibility of management who should 
address other factors such as maturity, judgment, decision-making, independence, and teamwork, 

An anticipated mode-of-progression has all incoming personnel progressing from Entry-Level to 
Apprentice, to Specialist, and finally to Senior Specialist. This approach enhances overall 
organization capability. From a human resource perspective additional levels may be used to reflect 
factors such as experience, maturity, and overall unique value to the organization. 

An additional level, Lead Specialist, is supervisory in nature. Because assignment is based on a 
variety of factors including availability, it is not part of the mode-of-progression. 

The qualification program sets standards and minimum times for promotion to higher levels. 
Management also may establish maximum times consistent with reasonable progress in meeting 
applicable requirements. Failure to qualify within allotted times may result in reassignment or other 
action. 

Each facility should perform an analysis of the NCSS job requirements and identify associated 
tasks. This is similar to, but less detailed than, the job/task analysis (JTA) used in development of 
performance-based training programs (see paragraph 2.1.7). The facility-specific task list is 
generated based on job descriptions, tasks identified in this Guide, and other resources. The task 
list may be used to define either a single NCSS position or specialty functions (e.g., analysis, 
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evaluation, implementation, and confirmation). The list is also the basis for developing the 
behavioral objectives that define and measure performance for the qualification program. With 
functional specialization, minimum qualification levels are established in the specialty, related, and 
interface areas. 

Qualification requirements are a combination of education, experience, formal training, structured 
on-the-job training, professional development, and personal factors or characteristics. Minimum 
standards are established in each area. However, equivalencies are appropriate and should be 
predetermined and specified in general terms in the qualification procedure. One example is the 
type and extent of experience that would be considered in lieu of a technical degree. Another 
example is to consider certain advanced degrees or specialized research projects to be equivalent to 
an amount of criticality safety experience. 

A.2.3.2 Classification levels. The anticipated mode-of-progression begins at the Entry-Level for 
personnel newly hired to become nuclear criticality safety specialists. They are designated as 
Apprentices after having completed specified requirements and having been judged ready to 
perform work under supervision of a Senior Specialist. The designation “Specialist” applies when 
the individual is deemed capable of performing independently (perhaps in a designated functional 
specialty area). A Senior Specialist is more highly qualified and judged to be prepared for the 
additional responsibility of providing independent review and oversight and to be a Senior Specialist 
for apprentice-level personnel. A Lead Specialist designation applies to supervisory/management 
functions that are outside of the mode-of-progression, with availability depending on staffing levels, 
organization structure, vacancies, etc. 

The titles are generic. Equivalent designations may be used at a given facility. The titles also may 
be separate or independent of site-specific human resources designations that may include 
engineer, senior engineer, etc. and may have intermediate (e.g., Specialist I, Specialist II, and 
Specialist III) or more advanced classifications (e.g., Principal Senior Specialist). 

These classifications are intended to apply to NCSS in general and to functional specialties (e.g., 
analysis), if used. Proposed classification-specific requirements are noted in general in a later part 
of this section and in more detail in paragraph A.2.4. 

A.2.3.2.1 Entry. The Entry-Level classification is for personnel who meet selection criteria with a 
combination of education, experience, and training deemed sufficient to begin in the NCSS 
anticipated mode-of-progression. Individuals requiring remedial work may stay in the classification 
for an extended period of time. Personnel with experience elsewhere in the same facility or at 
another facility may be classified Entry-Level while verifying previous completion of applicable 
requirements and satisfying others. 

It is most likely that any formal classroom training received by NCSS (including onsite classroom 
training, if warranted by candidate numbers and staff size) will be while in the Entry-Level 
classification. In addition, facility familiarization (e.g., in-facility assignments) and introductory 
projects such as for analysis/evaluation (e.g., a standard problem with a single computer code) and 
audit observation/participation are included. 

Depending on the results of the analysis of jobs and tasks and on other factors including limited 
facility access for security clearance reasons, Entry-Level qualification may be divided along 
functional or other lines. In such circumstances, advancement to Apprentice status may be 
allowed, contingent on completion of deferred requirements prior to qualification as Specialist. 
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As the Entry-Level requirements are intended to provide qualification for beginning the Apprentice 
phase, this classification provides the basics of criticality safety, and of each of the functional 
specialties if such division is made. 

A.2.3.2.2 Apprentice. The Apprentice classification is for personnel who have a combination of 
education, experience, training, and personal characteristics deemed sufficient to perform NCSS 
tasks under close guidance and supervision from, and with additional formal review (i.e., over and 
above that required by standard practices) by, a Senior Specialist, and who are able to participate 
productively in work activities in the specialty and related areas (defined in paragraph A.2.3.3). 

The classification may be multiple level if Entry-Level requirements have been deferred, e.g., due to 
lack of facility access for security clearance reasons. 

New hires may meet experience requirements for Specialist while in this category; experienced 
new-hire personnel spend only as much time as necessary to complete specific requirements. 

An Apprentice may perform tasks in all or designated functional specialty area(s) under the 
guidance of a Senior Specialist. Such tasks include performing part of an analysis, running a 
computer code to assess subcriticality, participating in an audit, or preparing a draft regulatory or 
administrative document. Completion of Apprenticeship in the specialty and related areas, Entry- 
Level requirements in the remaining areas, and approval by management lead to Specialist status. 

A.2.3.2.3 Specialist. The Specialist classification is for personnel with the education, experience, 
training, and personal characteristics deemed sufficient to perform NCSS tasks in all or specialty 
area(s) independently, subject to normal technical and management review. Time-in-grade, 
acceptable work products, specialized training, leadership roles, and management approval lead to 
Senior Specialist status. 

Personnel may meet experience requirements for Senior Specialist while in this category. 
Experienced personnel may spend a lesser amount of time consistent with meeting all other 
applicable requirements. 

This is the minimum level of qualification allowing independent work. Depending on the size and 
extent of the facility, it may apply to specific functional specialties, particular subject area(s) within 
the specialty, or specific physical portion(s) or area(s) of the facility. The Specialist also may 
specialize further (e.g., risk analysis, code validation, human factors, or auditing) as appropriate to 
the collective competence of the organization. 

The Specialist may act as a subject matter expert in areas of special competence for qualification 
of others (as directed by, and under the cognizance of, the designated Senior Specialist mentor). 
The work of the Specialist is subject to the usual reviews and quality assurance practices that are 
consistent with local procedures. 

The Specialist will continue to have a Senior Specialist mentor. The quality of work products, 
specialized training, demonstration of sound judgment, initiative, leadership, and time-in-grade are 
measures of suitability for qualification as Senior Specialist. Although the subject areas are 
basically the same as those addressed as an Apprentice, attention shifts to increasingly 
independent action and to leadership and review related to the work of others. 



DOE G 421.1-l 127 
8-25-99 

A Specialist performs tasks in all or designated functional specialty area(s) and learns under the 
guidance of a Senior Specialist to provide oversight and quality assurance review of the work of 
others. Tasks subject to evaluation include performing and reviewing analyses, calculating and 
quality assuring computer calculations that assess subcriticality, leading an audit, or preparing 
regulatory and other administrative documents. Completion of Specialist qualification in all areas, 
or in a functional specialty, leads to Senior Specialist status. 

A.2.3.2.4 Senior. The Senior Specialist classification is for personnel with education, experience, 
training, and personal traits deemed sufficient to perform NCSS tasks independently or in a 
leadership and oversight role. Personal traits (e.g., initiative, organization skills, integration ability, 
and maturity) are especially important to the specialist expected to work independently, train other 
specialists, provide review and approval of work products and documents, and, potentially, make 
“stop work” decisions (see paragraph 5.1.1.7). 

Senior Specialists perform routine final reviews and quality assurance of work originated by 
Apprentice, Specialist, and Senior Specialist personnel consistent with local procedures. They also 
act in a leadership capacity and, thus, should be experienced enough to teach others how to do the 
job and take responsibility for the resulting work products. 

The major qualification activities for Senior Specialists relate to demonstrating continuing 
competence. High-level technical training develops in-house expertise in specific subject areas. 
Management training supports increased leadership and eventual assignment as Lead Specialist, 
i.e., supervisor or manager. 

A.2.3.2.5 Lead. The Lead Specialist classification is for personnel with education, experience, 
training, and personal traits deemed sufficient to supervise or manage the nuclear criticality safety 
function in general and NCSS tasks specifically. Significant personal traits include those desirable 
for Senior Specialists plus attention to such issues as demonstrated desire and ability prior to 
assignment and the ability and willingness to make decisions and be accountable for their results. 
It should be recognized that even outstanding technical specialists may not make good lead 
specialists and/or supervisors or managers. 

Lead Specialist is a classification outside of the mode-of-progression. Its availability depends on 
organization staffing and structure and on the availability of organizational positions at given times. 

If the supervisor or manager of a multi-disciplinary safety organization is not highly qualified in 
nuclear criticality safety, a subordinate Senior Specialist should be designated as Lead Specialist. 
The supervisor or manager should be qualified at least to the Apprentice level so as to be able to 
perform all basic NCSS tasks, albeit subject to a Senior Specialist mentor’s guidance. 

A.2.3.3 Functional specialization. If functional specialization is formalized, it is necessary that 
each NCSS qualify to a baseline level in all four functional areas in recognition of the interfaces 
described previously (e.g., the interactions among analysis, evaluation, implementation, and 
confirmation). Preferably this occurs during the Entry-Level classification, or if necessary, during 
Apprenticeship. The Apprentice is intended to be qualified to begin on a function-specific path in 
any of the four areas (under direct guidance and supervision of a Senior Specialist). 

The qualification level for personnel specializing in each of the four generic functional areas is 
shown in Table A.2.3.3-1. Consistent with the anticipated mode-of-progression, Senior Specialists 
qualify in their primary functional area, at least as Specialists in the designated related area, and at 
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least as Apprentices in the two remaining interface areas. This approach recognizes the strong 
need for integration of the substance of the functional areas. 

Table A.2.3.3-1. Matrix of Qualification Levels for Each of Four Primary Functional 
Specialties. 

Primary 
Functional 
S ecialt Analysis 

c 

Analysis SENIOR 
SPECIALIST 

Evaluation SPECIALIST 

Implementation 
I 

Apprentice Apprentice 

Confirmation Apprentice 

Qualification Level in Functional Area: 

Evaluation I lmolementation I Confirmation 

SPECIALIST 
I 

Apprentice 
I 

Apprentice 

SENIOR 
SPECIALIST 

Apprentice Apprentice 

SENIOR 
SPECIALIST 

SPECIALIST 

Apprentice SPECIALIST SENIOR 
SPECIALIST 

The analysis and evaluation functions are closely allied through the unique role of performing a 
criticality safety evaluation. Thus, practitioners of each need to be qualified at least as Specialist 
(i.e., capable of performing, though not necessarily overseeing, the work) in the related field. Being 
qualified as Apprentice in the implementation and confirmation functions (i.e., capable of 
performing the tasks under close supervision of a Senior Specialist) recognizes the need to maintain 
close contact with the facility and to understand how analysis and evaluation results are 
implemented and how it will be verified that resulting requirements are met. The implementation 
and confirmation functions also must be called upon in support of developing analysis assumptions 
up front and ensuring that limitations identified by an analysis are implemented in the working 
environment. Double-contingency analyses, for example, and their documentation have both 
technical and administrative aspects. 

Similarly, the areas of implementation and confirmation functions are closely allied and, thus, are 
related to each other. Implementation is a primary subject of the confirmation activities, with 
deviations and other identified weaknesses fed back for corrective action. Both require Apprentice- 
level familiarity with analysis and evaluation to assist effectively in specification of input 
assumptions; translate output conditions to practical in-facility methods (e.g., procedures, postings, 
etc.); and verify compliance/consistency between the evaluation (input assumptions and results), 
materials and equipment, and practices. 

Appendix 8 presents further discussion in terms of a graded approach, 

A.2.3.4 Continuing competence. Continuing competence of the Senior Specialist is maintained by 
performing routine tasks in the functional specialty and ensuring periodic performance of important 
tasks in the related and interface areas. The resulting work products are subject to routine peer 
evaluation and supervisory/management oversight or, if appropriate, to special evaluation. 
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Continuing competence is the long-term qualification program for Senior and Lead Specialists. 
Entry-Level, Apprentice, and Specialist personnel maintain qualification through satisfactory 
progress in the anticipated mode-of-progression. 

A.2.3.5 Requirements. Requirements for NCSS are a combination of education, experience, 
formal training, structured on-the-job training, professional development, and personal 
characteristics. As with any professional position, each NCSS may be expected to achieve 
qualification through a personalized program that addresses specific strengths and weaknesses. 
General trade-off equivalencies among the qualification factors identified in this section should be 
specified in the qualification procedure. Management should document the bases for each specific 
application. 

Minimum entry-level standards or selection criteria are identified for new hires. A technical 
background is required, consistent with the nature of the NCSS tasks. 

Exceptions to requirements (e.g., experience in lieu of degree, credit for advanced degree, or 
degree-related criticality safety experience) should be documented, 

DOE Order 5480.20, “Personnel Selection, Qualification, Training, and Staffing Requirements at 
DOE Reactor and Non-Reactor Nuclear Facilities” (2-20-911 does not address nuclear criticality 
safety specialist personnel specifically. However, the NCSS are considered non-reactor nuclear 
facility technical support personnel who, according to the Order, have duties that include 
involvement in surveillance, analyzing facility data, planning modifications, program review, and 
technical problem resolution in their area of expertise (e.g., nuclear criticality safety). The Order 
establishes baseline education and experience requirements for general technical support personnel. 
It also dictates that when a specific position is equivalent to one defined for category-A reactor 
personnel, the requirements for the latter apply. Although the NCSS position is not directly 
equivalent, it has similarities to that of the category-A reactor technical support personnel and, to a 
lesser extent, to that of the reactor engineer. 

Table A.2.3.5-1 compares the relevant education and experience requirements for class-A reactor 
and non-reactor nuclear facility personnel with those established for NCSS in this Guide. Each 
entry applies to what the Order refers to as “positions with authority to review and concur, and not 
to entry-level positions.” Thus, the proper NCSS comparison is to the Senior Specialist. All 
positions have the same education requirement, while according to DOE Order 5480.20 the reactor 
and non-reactor nuclear facility technical support positions have the same experience requirement, 
and that for the reactor engineer is greater. The Senior Specialist experience requirement is greater 
than that for general technical support personnel both in being three years and facility-specific (or 
equivalent as developed in paragraph A.2.3.5.2). Thus, minimum nuclear and onsite experience 
requirements, which also may depend on functional specialization and other qualification factors, 
are not specified separately. 
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Table A.2.3.5-1. Education and Experience Requirements from DOE Order 5480.20 for Reactor 
and non-Reactor Facilitv Personnel CornDared to Those for NCSS Personnel. 

Position Position 

Requirement 

Education Education 

Experience Experience 
Job-Related Job-Related 
Nuclear Nuclear 
Onsite Onsite 

Category A Reactor 
--- I 

Non-Reactor 
Nuclear Nuclear 

Baccalaureate Baccalaureate 
degree in degree in 
engineering or engineering or 
related science related science 

Baccalaureate Baccalaureate 
degree in degree in 
engineering or engineering or 
related science related science 

2 years 
1 year 

4 years 
2 years 
6 months 

2 years 
1 year 

3 years* * 
6 months*** 
6 months* * * 

* SOURCE: DOE Order 5480.20, “Personnel Selection, Qualification, Training, and Staffing 
Requirements at DOE Reactor and non-Reactor Nuclear Facilities” (2-20-91) 

* * Equivalent site-specific nuclear criticality safety experience 
*** Minimum nuclear and onsite experience not specified, as explained in the text 

NOTE: General trade-offs between education and experience are allowed by DOE Order 
5480.20 and as delineated in the body of this Guide. 

A.2.3.5.1 Education. The minimum qualification or selection criterion for education is the 
baccalaureate degree in an appropriate technical field (e.g., engineering, physical science, human 
factors, etc.). 

For each functional specialty, some degree disciplines may be more applicable than others, e.g., 
chemical engineering for analysis in a “wet chemistry” facility, nuclear engineering or physics for 
evaluation, and human factors engineering for implementation and confirmation. Other curricula 
should be evaluated case-by-case, with experience or training requirements increased if appropriate, 

For those lacking a degree in an appropriate technical field, holding an associate (2-year) degree, or 
holding a baccalaureate degree in a non-technical field, equivalence may be established on-the-job 
through apprenticeship with a Senior Specialist as mentor. Experience and training requirements 
should be increased accordingly. Applicable experience should be accumulated at the level of tasks 
performed by degreed NCSS personnel and comparable to job requirements in designated functional 
specialty and physical areas. Equivalence to the technical baccalaureate degree may be judged in 
terms of experience at the Apprentice level and demonstrated ability to perform tasks required of 
the NCSS. 

An advanced degree or applicable graduate work as an indication of additional analytic ability or 
maturity may be judged to reduce the experience requirement. Specific studies or research related 
to criticality safety also may be applied to reduce training or professional development requirements 
as appropriate. 
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Specific educational background appropriate to specialization -- e.g., probabilistic risk assessment 
for analysis, reactor physics for evaluation, human factors for implementation and confirmation -- 
may also be acquired through training and professional development. Overall, factors such as area 
of study, level, and other considerations may be applied to adjust experience, training, and 
apprenticeship requirements. 

A.2.3.5.2 Experience. Direct nuclear criticality safety experience at the given facility sets the 
baseline standards -- one year for Specialist and two additional years (total of three years) for 
Senior Specialist. The Lead Specialist classification generally requires experience beyond that of 
the Senior Specialist, although as described above it is not part of the mode-of-progression. The 
minimum experience requirements may be adjusted according to educational background factors. 

New-hire personnel accumulate experience while participating in the anticipated mode-of- 
progression. Previous experience may reduce the requirements. Facility personnel who have 
performed jobs most directly associated with nuclear criticality safety receive the greatest credit. 
For those who have worked at one or more other facilities, direct nuclear criticality safety 
experience is most directly applicable. Experience that is nuclear related (e.g., reactor fuels, 
reactors, safety analysis, health physics, industrial safety, or similar disciplines at the same or other 
similar facilities) shall be evaluated with credit given in relationship to applicability to general and 
specific NCSS tasks. However, even if all experience requirements are judged to be met, the 
individual should still complete all facility familiarization requirements, demonstrate equivalence to 
specific training requirements, and complete and have evaluated a designated number of “projects” 
(e.g., work products of the type included in the apprenticeship program and used as the basis for 
judging continuing qualification). 

A.2.3.5.3 Training. Formal training courses may be developed for Entry-Level qualification and for 
later activities as appropriate to the size of the facility organization. Such courses should be 
performance-based, consistent with the guidance of ANSI/ANS-8.20-1991 (even though training of 
NCSS personnel is not addressed explicitly). Subject matter recommended by ANSI/ANS-8.20- 
1991 will be addressed, though at greater depth consistent with the needs of the NCSS audience. 
Course formats other than lecture, e.g., seminars, workshops, etc., are preferred. 

Consistent with ANSI/ANS-8.20-1991 and performance-based training, evaluations of candidate 
performance should be conducted. A comprehensive written examination is one alternative, 
although realistic problem solving activities that demonstrate both knowledge and ability to apply it 
appropriately may be the better choice. Open-book exercises such as applying ANSI/ANS 
standards, guides, and other reference materials are appropriate. 

Many offsite courses are appropriate for Entry-Level and more advanced qualification. Such 
courses should be evaluated for applicability based on characteristics including subject matter, 
faculty breadth and expertise, audience makeup (e.g., peers and other contacts at similar facilities), 
and instructional approach (lectures, workshop sessions, and practical exercises). Whether a 
formal evaluation of participants is provided, it should be verified independently (e.g., through the 
Senior Specialist) that the desired learning has taken place. Value beyond subject matter is 
recognized due to interactive activities with faculty and peers from other facilities. 

Applicable offsite courses include the general short courses offered by the University of New 
Mexico and Los Alamos National Laboratory’s critical facilities. Broad or specialized courses on 
safety analysis, computer and other computational methods, audits and inspections, human 
factors, and other related subjects also deserve consideration. 

,-_l._ --. _ -_” ,.. 
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An appropriate mix of onsite and offsite training courses, refresher seminars, and workshops can 
provide the NCSS with knowledge that will support development and maintenance of requisite 
facility-specific skills. 

A.2.3.5.4 On-the-job training. As with other professionals, the NCSS performs basic recurring 
tasks that are similar, but not repetitive in the sense of those performed by production-oriented 
operators and technicians (e.g., analyses using the same methods, but each time for a different 
situation). Likewise, individual NCSS, even new hires, have differing needs for qualification. Thus, 
formal training courses generally are less appropriate than learning-by-doing. A structured on-the- 
job training (OJT) approach is indicated for this purpose. The OJT mode of qualification can be 
applied from entry level through continuing qualification, with most direct use during the Apprentice 
and Specialist classifications. In all cases the training proceeds under the close supervision and 
guidance of a Senior Specialist. 

On-the-job training, whether standardized or individually orchestrated, is primarily one-to-one (or 
one-to-a-few) between the candidate(s) and a Senior Specialist. Work performed by the candidate 
(prior to qualification as Specialist) is subject to careful supervision by the Senior Specialist and to 
routine peer review, as applicable. Senior Specialists serve as mentors. Subject matter experts 
(SME) qualified and experienced in performing a particular task may, on a case-by-case basis, be 
assigned by the Senior Specialist to direct, observe, or evaluate performance of activities. Periodic 
evaluation of candidate performance is required. 

On-the-job training depends heavily on individual initiative of the NCSS candidate and uses directed 
self-study -- a training setting without a full-time instructor in which objectives and conditions are 
provided by the Senior Specialist, using training materials, or in-facility reviews and instruction. A 
qualification checklist, “card” file, or other means (for simplicity, hereafter referred to as the 
checklist) may serve as the basis for directing and documenting progress and completion of 
designated milestones. Activities that are the means for judging completion of specific tasks 
include 

l Review -- deliberate critical examination of references and training materials, 

0 Observe -- directed careful analytic attention to the performance of another, 

0 Perform -- performance of actual or equivalent tasks using necessary references, 
materials, and tools in the normal job environment, and 

0 Simulate -- mimicking task performance at the job site or through task performance on a 
mock-up device similar to the actual equipment and work environment. 

For activities such as review of documents and observation of facility evaluations, which do not 
automatically generate a work product that is subject to review by a Senior Specialist or subject 
matter expert, an appropriate performance evaluation technique is required. This may take the 
form of a documented discussion -- explanation or other techniques of evaluation that indicate 
proficiency -- with the Senior Specialist, a more formal evaluation, or a written examination. 
Workbooks or notebooks that can be reviewed by the Senior Specialist or others also are 
appropriate. In all cases it is necessary to document qualification details using the checklist. 
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The on-the-job training requires performance-based development, i.e., systematic determination of 
specific tasks, task analysis for skills and knowledge, and learning objectives that define the 
expected content and level of performance. 

Exemption from, or reduction in, requirements (e.g., fewer analyses, evaluations, or audits) may be 
based on previous experience, but preferably on proficiency testing or work-product review. 

Evaluation modes may include 

0 Board evaluations based on oral, walk-around, notebook review, or other demonstration; 
these may in turn be divided into 

Mini-boards with the Senior Specialist and a supervisor or subject matter expert, as 
appropriate, to judge intermediate milestones, and 
Final board with, at a minimum, the Senior Specialist, supervisor/manager (chair), a 
designated SME, and a “facility” representative; other senior specialists also may be 
included; 

0 Projects that test technical ability, judgment, etc. reviewed by teams composed similar to 
the boards; the process may be accompanied by a final oral “defense” (or board) 
evaluation. 

Board members should receive training on conduct and participation in the process. The chair 
and/or Senior Specialist should receive more detailed training on board setup and conduct. 

Where seminars, workshops, and offsite courses (see also paragraph A.2.3.5.3 on Training) are 
used as a basis for meeting what is otherwise an OJT task, the content (i.e., the learning by the 
candidate) should be evaluated for applicability using the standard OJT processes. 

A.2.3.5.5 Professional development. Professional development activities apply to all classification 
levels and are a major element in Senior Specialist initial qualification and continuing competence. 
They are subject to review with the Senior Specialist, supervision, or others. Presentation of a 
seminar may be an appropriate way both to verify the extent of learning and to share the 
experience with peers. 

Professional development activities include, but are not limited to, 

0 educational activities and technical meetings such as conferences, seminars, clinics, 
workshops, tours, forums, or symposia, 

0 college courses (including home study), 

l professional development courses, 

0 onsite workshops or seminars, 

0 publication of papers, reports, or other peer-reviewed documents, 

0 special onsite and offsite work assignments (e.g., task force membership or a temporary 
in-facility assignment), 
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0 preparation of a position paper for critical review on a contentious issue of nuclear 
criticality safety, 

0 intra-site committees (e.g., safety overview), 

0 inter-site committees (e.g, multi-site corporate, DOE-regional, or DOE-wide), and 

0 regional or national committees (e.g., American Nuclear Society Nuclear Criticality Safety 
Division, Institute of Nuclear Materials Management, ANSVANS-8 Standards). 

In each case, active participation (e.g., as instructor, chair, or officer) carries more credit than mere 
attendance. 

A.2.3.5.6 Personal characteristics. The qualification process should include ongoing evaluation 
and judgment of the readiness of the NCSS candidate to do the whole job and do it independently. 
The Senior Specialist should address such issues during the course of the process. Management 
has the prerogative on the final judgment based on factors that can include the candidate’s 
judgment, technical ability, and initiative. As noted previously, each Senior Specialist may have 
review, approval, and/or “stop work” authority (e.g., in paragraph 5.1 .I .7) and, thus, needs to be 
judged capable of implementing them. 

A.2.3.6 Overall qualification. The qualification process may be coordinated through the use of a 
qualification checklist. This may be a generic form that is readily customized to needs of individual 
NCSS candidates. Where functional or other specialization is employed, the checklists may be 
tailored appropriately. The checklist should provide guidance on the tasks to be performed and the 
means by which the NCSS will be evaluated (i.e., objectives). 

By implementing a formal qualification program for the first time, existing personnel use a 
qualification-by-documentation approach with the same checklist. They 

0 indicate education, experience, etc., 

0 indicate how training/task requirements were met and equivalence to Entry-Level and 
Specialist programs, 

0 establish a schedule for meeting any serious deficiencies, and 

l focus primarily on the continuing competence requirements to verify their ability to 
perform major work-product tasks. 

For new or existing personnel, exceptions to formal qualification requirements may be made based 
on judgment and documented alternatives (e.g., experience in lieu of a degree or credit for an 
advanced degree, specialized course work, or relevant research activity). 

The process should have provisions for final confirmation of competence made by safety 
supervision or management (and, if applicable to a specific facility, by cognizant line management). 
A comprehensive written examination, oral or facility walk-around examination, or a combination 
thereof, should be used to address all major NCSS tasks. Evaluation of realistic and representative 
work products should be an important part of the process. Remedial actions for failures need to be 
specified. 
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A.2.4 Classification-specific qualification programs. Subject-matter content for the NCSS 
qualification program should be developed from an installation-specific analysis of the job and its 
tasks. The analysis may be used to designate functional specialties. Each facility has the option to 
use the generic classification levels proposed in this document or use site-specific classifications 
consistent with its human resources system. 

A.2.5 Functional-specific qualification programs. If functional specialization is employed, the 
analysis of the job and its tasks should be used to make an installation-specific check list. As 
described in the previous section, these may apply to all of the Entry-Level, Apprentice, Specialist, 
and Senior Specialist classifications at progressively more detailed levels. Additional specialization 
may be employed with respect to the collective capability of the organization. 

A.2.6 Continuing competence. Continuing competence demonstration is required of each Senior 
Specialist. It is addressed here rather than with the classifications due to the tie-in to the four 
functional specialty areas. 

Existing personnel or highly experienced new-hires who have been performing at the Senior 
Specialist level employ a qualification-by-documentation approach as described previously 
(paragraph A.2.3.6). A Senior Specialist who is a peer should be assigned to validate or verify 
basic and continuing competence requirements. 

Those designated as Apprentice or Specialist are not specifically subject to these requirements with 
normal progress in the qualification mode-of-progression. However, comparable activities and 
consistent frequencies should be included on the qualification checklists. 

The actual content of the program to ensure continuing competence should be derived from the 
analysis of the job and its tasks. General areas and issues are addressed below. 

Periodic training in technical and administrative subjects assists in maintaining and improving job 
performance and developing broader scope and depth in specific knowledge and skills. Retraining 
on subjects included in the Entry-Level, Apprentice, and Specialist portions of the qualification 
program is generally not necessary. However, if individual or group performance problems are 
identified, they should be addressed. Specific subjects that are appropriate for continuing training 
include, but are not limited to, 

0 facility and industry operating experience, audit findings, and deficiency trends, 

0 changes to systems, components, and applicable procedures, 

l changes to DOE Orders, National Standards, and other guidance, and 

0 major changes to NCSS tasks. 

Classroom training, seminars, or “required reading” may be appropriate methods. Examinations, 
discussions, or evaluation of work products should be used for confirmation consistent with the 
approaches applied in mode-of-progression qualification. 

Continuing competence requirements are based on performing activities in each of the four 
functional areas (including all required reviews and approvals for the designated level, with 
additional review if appropriate). The requirement may be annual or graded based on functional 
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specialization (e.g., annual for the specialty area, biennial for the related area, and triennial for 
general or interface areas). Work products should be provided and evaluated in each of the 
following areas: 

facility familiarity (e.g., through periodic tours and meeting attendance); 

analysis for criticality safety (e.g., double-contingency analyses); 

evaluation of subcriticality; 

facility audit activities; 

implementation activities, e.g., 

task, job, and procedure audits, 
investigation of criticality safety limit violations, and 
evacuation procedure audits; 

onsite professional development activity, e.g., 

regular task, but elsewhere in the facility or with a different organization, and 
appropriate activity from the list in paragraph A.2.3.5.5 or equivalent; and 

offsite professional development activity (e.g., see paragraph A.2.3.5.5). 

For large facilities where qualification may be based on physical areas or processes, the 
requirements apply to each applicable area. 

Where functional specialization is used, each work product may be geared according to the 
specialization and classification shown in Table A.2.3.3 as follows: 

0 specialty field at the Senior Specialist level -- lead an analysis, evaluation, or audit effort; 
review and quality assure analyses, evaluations, or audits; or complete major 
administrative responsibilities; 

0 related field at the Specialist level -- perform a new and original analysis, evaluation, 
audit, or administrative task; and 

l general/interface fields at the Apprentice level -- perform (under supervision) 
representative analysis/evaluation exercises or participate in audits and administrative 
tasks. 

A.2.7 Documentation and records. Documentation shall be maintained on the qualification of each 
NCSS. The qualification checklist or equivalent documentation may be designed to serve this 
purpose. It should show each applicable task, how and when it was accomplished, examination 
results if applicable, and who verified completion (of single tasks or groups of tasks). Final 
approvals by the Senior Specialist and supervision/management should also appear. 
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Records shall be developed consistent with facility policies and procedures for training and 
qualification. Retention of documentation and records shall be consistent with DOE Orders and 
facility procedures. 

A.2.8 Evaluation and Documentation. Evaluations of the NCSS qualification program and 
personnel should be performed and documented periodically. Documentation of these evaluations 
should be retained in accordance with the applicable document listed in paragraph 2.1.2. 
Additional documentation requirements are provided in the applicable document listed in paragraph 
2.1.9. 
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B.l Graded Approach to Criticality Safety Analyses and NCSEs. A graded approach to the 
performance of criticality safety analyses and the supportive nuclear criticality safety evaluations 
(NCSE) should be exercised. A graded approach to the performance of criticality safety analyses 
acknowledges that different levels of effort and documentation are appropriate for different 
complexities of facility fissionable material operations (i.e., handling, processing, and storing) and 
the associated methods and controls applied to maintain subcriticality and safety. 

The classification of facility complexity and levels of analyses and evaluations to be performed 
should be determined at an organizational level independent of facility operations or production 
(e.g., the safety organization reporting to the installation/facility manager). This determination 
should be based upon the technical judgment of a nuclear criticality safety specialist. 

B.l .l Levels of analyses and evaluations. Levels of analyses or evaluations range in effort from 
simple references -- to common engineering and safety judgment and to national consensus 
standard subcritical values (e.g., 4509 23gPu) using a highly reliable control on allowed facility 
fissionable material mass -- to a complicated validated computation of neutron interacting arrays of 
dissimilar systems involving materials having variable nuclear parameters and numerous 
administrative/procedural and physical controls benefitting from probabilistic risk analyses. Three 
levels of analysis and evaluation are considered: Levels A, B, and C. Level A analyses and 
evaluations may be performed for facilities having fissionable material inventories and operational 
conditions that will remain within the envelope of conditions specified for subcritical values within 
national consensus standards. Level B analyses and evaluations are performed for facilities having 
fissionable material inventories or operational conditions that exceed the envelope of national 
consensus standard subcritical values but have fissionable material inventories and operational 
conditions that may be analyzed to be safely subcritical by reference to commonly accepted and 
used handbook or safety guide values. Where these values are not based directly on experimental 
data, such as tables or figures based solely on calculated values, they should be confirmed from 
two independent sources. Level C analyses and evaluations are typically performed for fissionable 
material inventories and operational conditions that cannot be addressed with national consensus 
standards or handbook values. Level C analyses and evaluations may involve the application of 
computational techniques requiring computer program documentation, verification, validation, and 
user qualification. 

In all cases, it shall be shown that all normal and credible abnormal operational conditions and 
contingencies remain within the envelope of the specified subcritical process and nuclear 
parameters. All physical and administrative controls used for ensuring the subcritical values shall 
be clearly identified. The reliabilities of the controls should be described to be acceptable. This is 
already covered in paragraph 5.6.1. By order of preference, referable facility historic data, 
industrially accepted guidance, and, lastly, experienced engineering judgment about human and 
equipment reliability should be used to defend the reliability of nuclear criticality safety controls. 

B.l .l .I Level A. Level A evaluations are performed by direct reference to national consensus 
standard subcritical values. Such references include ANSVANS-8. l-l 983,R88, Nuclear Criticality 
Safety in Operations with Fissionable Materials Outside Reactors, and ANSIIANS-8.15-1981 ,R87, 
Nuclear Criticality Control of Special Actinide Elements. Though no additional verification of the 
subcritical values are required, a clear comparative evaluation of the operation being evaluated 
should be given along with the basis of safety. 
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B.1 .1.2 Level B. Level B evaluations are performed with referenced values derived from published 
handbooks, safety guide subcritical values, or criticality data. Such well known references include, 
but are not limited to, LA-10860-MS, Critical Dimensions of Systems Containing 235U, 239Pu, and 
233U (paragraph 2.3.2.8, 2.3.2.11 of this Guide); NUREGKR-0095 ORNL/NUREG/CSD-6, Nuclear 
Safely Guide TID-7016 Revision 2 (paragraph 2.3.2.9 of this Guide); and ARH-600, Criticblity 
Handbook. The referenced values should be based directly on experimental data or should be 
verified to be consistent with independent handbooks or safety guide subcritical values or validated 
computational techniques. 

Where applicable data are directly available, subcritical values shall be established on bases derived 
from experiments, with adequate allowance for uncertainties in the data. In the absence of directly 
applicable experimental measurements, the subcritical values may be derived from calculations 
made by a method shown to be valid by comparison with experimental data.lo8 

Level B analyses should be based on critical data only after appropriate margins of subcriticality 
have been applied to the critical values. The use of unpublished experimental logbook data requires 
comparison with a Level C evaluation as described in paragraph B.1 .1.3. The identification of and 
reliability of controls shall be as described in paragraph B.l .l above. 

B.l .1.3 Level C. Level C analyses are performed by the use of a validated computational 
technique. Examples include ORNL/NUREG/CSD-2/VI/R2, KENO-Va, An Improved Monte Carlo 
Criticality Program with Supergrouping; LA-7396-M, Rev.2, MCNP, A General Monte Carlo Code 
for Neutron and Photon Transport; and BNFL SAGI80lP29, Criticality Assessment Using the 
Limiting Surface Density (NB,,2) Method and Examples of Application. Acceptable margins of 
subcriticality and range of applicability for the chosen evaluation technique should have been 
determined and documented for use in criticality safety evaluations. No single computational result 
should be used for determining the subcriticality and safety of an operation. Rather, multiple 
results showing trends and computational reliability will be used. The use of Level C analyses 
should be in conformance with ASME NQA-2 requirements. The identification of and reliability of 
controls shall be as described in paragraph 8.1.1 above. 

B.1.2 Complexities of facility fissionable material operations. Complexities of facility fissionable 
material operations range from single operations having less than a significant quantity of 
fissionable material to multiple operations having large quantities of fissionable materials processed 
in multipurpose facilities with many types of interfacing operations and support activities. Four 
classes of complexities are defined as follows: 

B.l.2.1 Class I. Class I facility operations have less than significant quantities of fissionable 
materials presenting no significant risk of criticality within item control areas or material balance 
areas. Nuclear criticality safety is applied through facility nuclear material possession and 
accountability limits. 

B.1.2.2 Class II. Class II facility operations have significant quantities of fissionable materials and 
have operations limited to repetitive and routine activities. No significant quantities of fissionable 
material wastes are generated in Class II facility operations. Nuclear criticality safety is applied 
with physical barriers such as spent or fresh fuel storage racks and single item handling devices. 
The fissionable material operations are performed in control areas that effectively preclude neutron 

“‘ANSI/ANS-8. l-l 983,R88, section 4.2.5. 
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interaction among items. Examples include, but are not limited to, fuel element examination 
operations, fissionable material item packaging, and storing. 

B-1.2.3 Class III. Class III facility operations have significant quantities of fissionable materials and 
perform operations that influence other fissionable material operations within the facility. Examples 
include, but are not limited to, analytical laboratories, foundries, machine shops, dimensional 
inspection shops, nondestructive testing shops, etc. that exchange materials among the various 
operations. Significant quantities of fissionable material wastes in solid and liquid forms are 
generated and collected but are not processed to finally recovered forms. The fissionable material 
operations are performed in effectively non-neutron interacting item control areas and material 
balance areas. 

B.1.2.4 Class IV. Class IV facility operations are multipurpose and include all of the characteristics 
of a Class III facility but with the addition of complex operations including solution, waste recovery, 
waste processing, and decontamination and decommissioning operations. Additionally, the 
fissionable material operations may be performed in neutron interacting item control areas and 
material balance areas. 

B.1.3 Analysis Content. Despite the level of effort and documentation of evaluations and analyses 
and the complexity of an operation, the same fundamental elements should be included and 
identified in the safety analyses for each discrete operation within the facility. The safety analyses 
should be retained in accordance with paragraph 2.1.2. These elements include the following: 

B.1.3.1 Operational description. Using verified as-built sketches, drawings, or flow diagrams of 
the equipment, portable containers, and of processes and facilities, the description of the intended 
fissionable material operation under analysis should be provided for which the hazard of criticality 
exists. Care should be exercised to identify, for additional analysis, ancillary support equipment or 
activities that may require independent safety analyses (e.g., vacuum producers, nonfissionable 
material feed chemical make-up and supply, compressed gas/air, waste collection, ventilation, 
transportation, neutron interaction among other fissionable material systems, etc.) and that may 
affect, or be affected by, the operation under consideration. The description should be of sufficient 
detail to permit independent evaluations and safety analyses of the operation. 

B.1.3.2 Fissionable material forms. Bounding descriptions of the chemical and physical form(s) of 
fissionable material in the operation should be provided, including isotopic content, resulting 
concentrations, densities, degrees of neutron moderation, degrees of neutron interaction and 
reflection considered, and the physicochemical stability of the fissionable material in the anticipated 
normal or abnormal operating environment. 

B.l.3.3 Credible operating condition changes. This includes the description of the normal and 
abnormal credible changes in operating conditions that could alter a nuclear parameter (i.e., 
geometry/volume, spacing/interaction, neutron absorption, concentration/density, mass, 
moderation, reflection, and enrichment) beyond intended operating conditions. The description 
should include a characterization of any resultant conditions, masses, forms, materials, etc. 
adversely affecting subcriticality and safety. 

B.1.3.4 Analysis of accident scenarios. This includes the identification of event sequences leading 
to credible nuclear criticality accident scenarios (a single scenario probability exceeding a frequency 
of 1 x 10e6 per year) and associated consequences to workers, the public, and facilities. Bases 
should be specified if no credible accident scenarios can be determined. 
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B.1.3.5 Need for CAS or CDS. A review for the need and placement of a nuclear criticality 
accident alarm or detection system should be provided. Alarm and detector coverage shall be 
provided as necessary, or a reference supplied that indicates fulfillment of the alarm or detector 
need and placement (see Section 5.4). 

B.l.3.6 Safety controls description. The description of the passive and active safety controls that 
are part of the operation should be identified and should include the intended administratively or 
physically controlled value(s) for each of the nuclear parameters. If a specific nuclear parameter 
does not affect the operation, a short justification for excluding the nuclear parameter from the 
analysis should be provided. Technical practices and measurement control programs used for 
ensuring the reliability of safety controls should be provided. 

B.1.3.7 NCSE summary. The summary description of the validated technical nuclear criticality 
safety evaluations (computational or comparative) showing the subcriticality of the operation under 
normal and abnormal conditions should be provided. The safety evaluation should identify and 
consider interactions with any other fissionable material operations within the facility. 

B.l.4 Performance of nuclear criticality safety analyses and NCSEs. As indicated above, a 
“Graded Approach” acknowledges that different levels of effort and documentation are appropriate 
for different complexities of facility fissionable material operations. The gradation of levels of effort 
and of documentation and the complexities of operations may be seen as a two-dimensional matrix, 
as shown in Table B. 1.4-1, which is used for grading the approach and resources required for 
performing the nuclear criticality safety analysis and NCSE. The table footnotes provide 
explanations about the resources that are numbered 1 through 4. A peer review is to be conducted 
for any NCS analysis and associated evaluation. 

B.l.5 Results of the Graded Approach. As indicated by the combination of complexities of 
operations with levels of effort required for analyses or evaluations, as described in paragraphs 
B.l .l and B.1.2 and shown in Table B.1.4 above, an NCS analysis or evaluation may result in a 
seemingly minor safety document for Class I - Level A type analyses or evaluations, whereas a 
Class IV - Level C analysis or evaluation may result in a rather prodigious report. Additionally, the 
required resources can be quite variable. In all cases, the safety analysis shall contain all of the 
elements described in paragraph B.1.3 that are relevant to the operation, or appropriate NCS 
analyses or evaluations that supply these elements may be referenced. More in-depth descriptions 
and examples of such analyses and evaluations are provided in Sections 5.7, 5.8, and 5.9, 
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Table B.1.4-1. Resources required for performance of the NCSE. 

Analysis Effort Class I 

Level A 1 

Level B 2 

Level C -- 

Facility Complexity 

Class II Class III Class IV 

2 2 2 

2 or 3 3 3 

3 or 4 4 4 

Legend: Level of Effort and Personnel Qualifications 
1. Operations Supervision. 
2. Qualified Nuclear Criticality Safety Specialist having experience interpreting safety guides 

and critical data references, in conjunction with an experienced process/operations 
engineer who is familiar with operational process, equipment, and facility normal and 
abnormal conditions. 

3. Qualified Nuclear Criticality Safety Specialist having operational and process knowledge 
and experience interpreting safety guides and critical data references, in conjunction with 
an experienced process/operations engineer who is familiar with operational process, 
equipment, and facility normal and abnormal conditions. 

4. Qualified Nuclear Criticality Safety Specialist having operational and process knowledge, 
experience interpreting safety guides and critical data references, and computational 
validation and analysis experience, in conjunction with an experienced process/operations 
engineer who is familiar with operational process, equipment, and facility normal and 
abnormal conditions. 
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APPENDIX C. ESTIMATING THE WAITING TIME UNTIL THE SIMULTANEOUS 
COLLAPSE OF TWO CONTINGENCIES’ 

(Adapted from Author’s Text) 

C.1 Introduction. This appendix provides an interface between criticality safety and safety analysis. 
Recent emphasis calls for probabilistic safety assessments in addition to the traditional qualitative 
and quantitative, but deterministic, assessments. That emphasis supplies the motive for this 
appendix, which is narrowly focused on the Double-Contingency Principle (DCP) as applied in 
criticality safety practice. 

C.l.1 DCP Review. The definition of the DCP is stated as, “Process designs shall, in general, 
incorporate sufficient factors of safety to require at least two unlikely, independent, and concurrent 
changes in process conditions before a criticality accident is possible.” For example, given a fissile 
material workstation in a glovebox, the “two unlikely” events are inadvertent double-batching and 
inadvertent flooding with water. In this example, work begins at the workstation at time zero. The 
purpose of this probabilistic model is to make a probabilistic statement about the waiting time until 
the workstation is simultaneously flooded and double-batched. 

C.1.2 Markov Model. A Markov model is convenient and tractable. In such a model, (1) the time 
span from recovery from a flooded condition to onset of the next flooded condition is an 
exponentially distributed random variable, (2) the time span from the onset of a flooded condition to 
recovery from that flooded condition is an exponentially distributed random variable, and (3) those 
two random variables are independent. A similar set of statements applies to the double-batching 
situation. 

C.l.3 Probabilistic Description. Given estimates of mean failure and mean recovery times of the 
two independent contingencies, the model can be used to generate a probabilistic description of the 
waiting time to the first simultaneous collapse; or, if estimates of mean failure and mean recovery 
times of the two independent contingencies are unavailable, the model can be used to construct 
parameter surveys to bound estimates that could satisfy a criterion for mean time to simultaneous 
collapse. 

C.2 General Markov Model. The construction of a Markov model for the general situation follows. 
For k = 1, 2, let X,.(t) = 1 if contingency k is in its desired state; let X,(t) = 0 if contingency k is in 
its undesired state. Suppose that at time zero both contingencies are in the desired states: 
X,(O) = 1 and X,(O) = 1. For k = 1, 2, let 1 /A, be the mean time between transitions from 
desirable to undesirable states for the kth contingency. Similarly, let 1 /flk be the mean time between 
transition from undesirable to desirable states. If the Markov model is invoked, then the sojourns 
between transitions are independent, exponentially distributed random variables. The process is 
assumed to begin in state (1,l) (i.e., X,(t) = 1 and X,(t) = 1). The waiting time until the first visit 
to state (0,O) (i.e., X,(t) = 0 and X,(t) = 0) is to be determined. That waiting time is also a random 
variable to be determined as follows. 

The (0,O) state is that in which both contingencies are in undesired states, and in practice, is a state 
from which exit is possible. However, it is convenient for modeling purposes to make (0,O) an 
absorbing state, one from which exit is not possible. If state (0,O) is an absorbing state and T, a 
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random variable, is the waiting time until the first visit to (O,O), given that the process begins in state 
(1 ,l); then for any t > 0, the events IT < tl and [X,(t) = 0 and X,(t) = 01 are equivalent. That 
equivalence simplifies the following mathematical demonstration. 

Figure 1 displays a state transition diagram for the two-state Markov process. For i = 0,l and 
j = 0,l; let Pi,(t) = P&(t) = i and X,(t) = j]. The incantation that corresponds to the right hand side 
of the last definition is “probability that X, at time t equals i and X, at time t equals j.” Then from 
the figure, the system of first order differential equations that the Pir satisfy is 

dP1l 
- = -@1+~2Pl~ +lqP(-)1 +l.Qq() dt 

@lo 
- = -(A1 +Pp~O+l2P~~ dt * 
dPol 
- = -@2+P1)P01 +ap11 dt 

dPoo 
dt = VlO +a2po1 

Since the process begins in state (1 ,l), the initial conditions for system (1) are: P,,(O) = 1, 
P,,(O) = 0, P,,(O) = 0, P,(O) = 0. 

Figure 1. The state transition diagram for the 
Markov model of the double-contingency 
stochastic process; “1 II is a desirable state, 
and “0” is an undesirable state. 

(1) 
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The technique used for constructing a solution to system (1) is the Laplace transform. Let L 
represent the Laplace transform operator, and for i = 0, 1 and j = 0, 1 let fii = L Pii. The 
application of L to system (1) yields 

--p2 

s+$ +I9 

0 

-a1 

-P1 0 

0 0 

s+a2+p1 0 

-a2 s 

Solving system (2) for f, yields: 

f,(s) = N(s)/D(s) (3) 

fll 

fl0 

Sol 

"ho 

(21 

where 

and 
N(s) = (24 A,ls + (A, A, A, + A, A,, A, + A, A, rul + A, A, ~2) (4) 

D(s) = s[s3 + (2A, + 2A2 + /I, + /.I~)s~ + (A, A, + A, A, + 3 A, A, + A, p, + A, pz 
+ A, ~1 + A, /12 + ~2 ~(2)s + (A, A, A2 + A, A2 A, + A, A2 ~u1 + A, A2 1.~211 (5) 

Equations (4) and (5) are unnecessarily expanded to highlight the symmetry of the subscripts. 

The Laplace transform of P(T < tl is f,, and PIT 5 tl is the cumulative distribution function (CDF) 
that describes T, the waiting time until the simultaneous occurrence of the two contingencies. 
Hence, a fundamental property of Laplace transforms and the fact that P[T i; 01 = 0 imply that s 
f,(s) is the Laplace transform of d/dt PtT < tl. But d/dt PtT s tl is the probability density function 
(PDF) that describes T; let f, represent that PDF, and let gT z Lf,. Then from (3): 

(6) 

where the last equation in (6) defines D*. 

To invert gT requires finding roots of the cubic D’; the coefficients of D’ appear in (5). In application 
where the A and the ,Y, are assigned numerical values, computer-based root finding routines could be 
used; and f, could be found by inverting gT. 

Although inversion of g, is unproductive in the general case, useful information can be extracted 
from g, without inversion. That is; 
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g*(s) z srn fT(t) e -“dt = (e -sT) 
0 

(71 

where ( > represents expectation. Hence gT is a moment generating function for T. In particular, if 
exp(-st) is expanded in a Taylor series about 0, it is found that (T) = -g ‘T (0) where the prime 
represents differentiation with respect to s. Differentiation and algebraic manipulation applied to 
(4),(5), and (6) yields: 

Equation (81 is presented in the expanded form to highlight the symmetry of the relationship. 

A special case of (8) is enlightening. In practical cases, if application of the double contingency 
principle is to yield significant safety advantage, the mean times of transition from desirable to 
undesirable states should be much longer than the mean times of transition from undesirable to 
desirable states. In the context of the model, this translates into the assertion that for every i = 1, 
2 and j = 1, 2,A u ,v,. In this special case (8) becomes 

(T) = 
(9) 

The advantage to be gained by using two contingencies instead of one contingency is demonstrated 
in the following quantitative estimate of examining the mean time to the first simultaneous 
occurrence of two contingencies. Suppose 1 IA, = 5 years, llh, = 10 years, 1 l,u, = 5 days, and 
l/p2 = 2 days. Then equation (9) applies, and (T) = 2600 years; the advantage is substantial in this 
case. 

Equation 8 is provided for the general case and equation 9 is provided for the special (and usually 
applicable) case. 

C.3 Symmetric Case. The “symmetric case” is for circumstances in which both contingencies are 
described by identical probabilistic models, i.e., A, = A, q A and ,v, = y, 5 ,v. The symmetric case 
can be treated as above by starting with a state transition diagram and writing down the 
corresponding first-order linear system of differential equations. The system is 3 x 3 matrix instead 
of 4 x 4 matrix because the states (0,l) and (I ,O) are indistinguishable. 

The symmetric case is logically equivalent to what reliability theorists call the two-unit-active- 
redundant case, and it has been completely solved2C3 and is provided as follows. 

As before, let T be the waiting time until the first visit to state (0‘0). Then for time t 2 0, 
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where 

and 

a2e 
-up -ay 

P[Tx] = 
- ale 

(9 - q) 

a2 = + [ (3a + I 

m = f 

1 

3 + 0 x 

1 

l-7 -i 

1 0 T 

(IO) 

(11) 

(121 

Equation (10) is a complete probabilistic description of T. To obtain a corresponding result for the 
asymmetric case requires finding the roots of the cubic D’ defined in equation (6). 

Although there is no simple equivalent of (IO) for the asymmetric case, equation (IO] may be 
conservatively used in the asymmetric case by setting A = maxiA,, A,) and p = min@,, ,~*u,). Such an 
application may be useful to gain quick insight and might even suffice without further analysis if the 
result satisfies the preset criterion. 
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APPENDIX D. EXAMPLES OF DESIGN OF NUCLEAR CRITICALITY SAFETY 
CONTROLS 

D.l Double-contingency analyses. The purpose of this section is to provide an example of a double- 
contingency analysis of a potential criticality scenario to evaluate compliance with the Double- 
Contingency Principle (paragraph 5.7.7). The main points of the illustration are 

(a) identifying the potential criticality scenario (paragraph 5.7.5), 

lb) evaluating the scenario for compliance with the Double-Contingency Principle (paragraph 
5.7.7), and 

(cl identifying the associated means of control (paragraph 5.7.4). 

Example # 1 below provides an involved scenario analysis with control reliability/failure evaluations 
for acceptability. 

D.l .l Example # 1. Assume that the quantity of fissile nuclide required for a particular operation is 
2 kg of 23sPu in oxide form that is greater than the minimum critical mass. On this basis, criticality 
protection is solely dependent upon excluding moderation from the area since geometry/volume is 
not controlled. Since nuclear criticality safety depends on the control of a single nuclear parameter, 
moderation, two separate and independent barriers need to be provided to prevent loss of 
moderation control. Thus, as shown in Figure D.l .l (upper left-hand corner), nuclear criticality 
safety considerations require that moderating liquids be excluded from the dry processing location 
containing fissile material. Reviews of the design identified two credible sources of liquid to the dry 
location under operating conditions: (1) liquid backflow from an associated off-gas scrubber system, 
and (2) the unauthorized manual addition of liquids by operating personnel. Before proceeding, a 
brief description of the scrubber system is given below. 

The off-gas scrubber system is provided to cool and scrub the off-gas coming from the dry location 
that contains fissile material in powder form (upper left-hand corner of Figure D-1.1 ). A vacuum is 
pulled on the system using a vacuum air jet located above the separator tank that is supplied by the 
high-pressure facility air system (90 psig). The off-gas first passes through the scrubber tank, where 
it mixes with liquid in the scrubber and forms a two-phase flow in the line to the separator tank. 
From the separator tank the off-gas goes to the vessel vent system. The liquid in the separator tank 
is circulated back (pumped) to the scrubber tank. 

The design incorporates a jet bypass line leading to the vessel vent system (see Figure D.l .I ). This 
bypass line contains an automatic valve (normally closed during operation of the jet) that is 
electrically interlocked to a high pressure switch. Also shown is a rupture disk located just off the 
separator tank. Note that for simplicity, Figure D.1.1 shows only those instrumentation and control 
features in the system that are referred to below. 

D.l .l .1 Identifying potential criticality scenarios - logic diagram. In accordance with paragraph 
5.7.5, “Identifying Potential Criticality Scenarios,” a logic diagram is constructed (see Figure D.1.2) 
as an aid to systematically identify the various scenarios that could lead to the accidental addition of 
liquid to the dry location, which is the mechanism for a potential criticality accident in this case. The 
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logic diagram shows two credible liquid sources: Source 1 is liquid coming from the scrubber 
system; and Source 2 is liquid from manual addition to the cabinet (operator error). Pursuing Source 
1 (Figure D.1.2), three basic phenomena are identified: (1) back siphonage, (2) backflow resulting 
from a pumping action, and (3) backflow resulting from high pressure in the scrubber system. For 
the high-pressure case, two initiating events are identified: (1) eructation, and (2) pluggage of the air 
jet at the exit resulting in high pressure facility air (90 psig) applied to the scrubber system (Figure 
D.l .I ). As shown in Figure D.1.2, back siphonage and eructation are judged to be incredible for this 
particular design and associated operating conditions. The pumping action case is identified in Figure 
D.1.2 as worthy of study, but it is not developed here (for simplicity). The potential criticality 
scenario designated for study below deals with pluggage of the air jet. This scenario is highlighted in 
Figure D. 1.2 and may be summarized as follows: 

Potential criticality scenario - Mechanism: liquid addition to the dry location - Source: scrubber 
system liquid - Phenomenon: backflow due to high pressure in the scrubber system - Initiating 
event: pluggage of air jet at the exit. 

D. l-1.2 Evaluation against the Double-Contingency Principle. 

D.l .1.2.1 Identifying the two barriers for double-contingency. Simply stated, the Double- 
Contingency Principle says that two independent, controlled barriers should exist to prevent 
occurrence of a potential criticality accident scenario. The application of this principle is shown 
symbolically in Figure D.1.3, which is a duplicate of Figure D.1.2, with the two barriers added. 

For this example, it is assumed that the two barriers chosen are (1) pressure relief via the jet bypass 
pressure/interlock system, and (2) pressure relief via the rupture disk. As illustrated in Figure D.1.4, 
with these barriers in place, this potential criticality scenario requires the occurrence of all of the 
following: (1) the initiating event - jet plugged at exit, (2) the failure of Barrier 1 - failure to relieve 
pressure via the jet bypass pressure/interlock system), and (3) the failure of Barrier 2 - failure to 
relieve pressure via the rupture disk. 

D.l .1.2.2 Qualification of the barriers for double-contingency 

As discussed in paragraph 5.7.7, it is important that the failure of a barrier for double-contingency be 
an unlikely event. The determination of whether a failure of a barrier for double-contingency is 
unlikely may be made on the basis of engineering judgment or failure rate data, if available. For this 
example, assume that failure rate data are available. In accordance with paragraph 5.7.7.3, the 
guidelines for acceptability when quantitative data are available are: (1) Guideline 1 - the estimated 
probability that the barrier will fail is no greater than once in 100 demands or O.Ol/demand, and (2) 
Guideline 2 - the product of {the estimated frequency of the initiating event} times {the estimated 
probability of failure of the barrier - as applied in Rule 1) is not greater than once in 10 years or 
0.1 /year. 
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Figure D.1.2. Logic diagram for potential criticality via liquid addition to dry location. 
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Figure D.1.3. Logic diagram for potential criticality via liquid addition to dry location - two barriers 
added. 
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Guideline 1 - As shown in Figure D.l.4 and Table D.1 .I, the probability that Barrier 1 will fail upon 
demand is estimated at O.OOS/demand, thus meeting the 0.01 /demand guideline. Correspondingly, 
the failure probability of Barrier 2 is estimated at O.O03/demand, which is better than the 
0.01 /demand guideline. 

Both barriers are judged to meet Guideline 2. The frequency of the initiating event -- pluggage of the 
air jet at the exit during operation -- is estimated (conservatively) to be in the vicinity of once every 
twenty months (based on previous experience with similar equipment and operating conditions). 
Therefore, the frequency is shown as O.G/year (Figure D-l.4 and Table D.1). 

For Barrier 1: (estimated frequency of the initiating event) times (estimated probability of failure of 
Barrier I) = O.G/year x O.O05/demand = O.O03/year, thus meeting the 0.1 /year guideline. 

For Barrier 2: (estimated frequency of the initiating event) times (estimated probability of failure of 
Barrier 2) = O.G/year x O.O03/demand = O.O018/year, thus meeting the 0.1 /year guideline. 

Note: As a point of interest, in this example the estimated frequency for this potential criticality 
scenario (based solely on the three factors discussed above) is: 

O.G/year x 0.005 x 0.003 = 9 x 10m6/year, 
that is a recurrence interval of approximately 111,000 years. 

Independency of barriers. The two barriers in this example are judged to be sufficiently independent. 
On the negative side, both barriers involve the sensing of a common process parameter, high 
pressure, and both have the same basic function, which is to relieve pressure. However, on the 
positive side the two barriers do not share components, and they operate quite differently -- not 
likely to be subject to common-cause errors during facility operations such that both systems would 
be inadvertently taken out of service, or in maintenance operations such that common calibration or 
set-point errors might occur. 

D.1 .I .3 Identifying the means of control for each contingency barrier. As discussed in paragraph 
5.7.7.4, the prominent identification of the means of control associated with a barrier for double- 
contingency is important. Special care should be exercised to maintain these controls during facility 
operation, maintenance activities, and subsequent design changes. As shown in Figure D.l.4 and 
Table D.l .I, five controls are associated with Barrier 1 (see bottom of Figure D.l.4). The failure of 
any one of these could defeat the barrier. Three of the five are hardware items. They are the 
sensor, the electrical interlock, and the automatic valve. All three will require administrative controls 
in the form of functional testing and preventive maintenance to maintain high reliability. The other 
two controls (of these five) will require special procedural controls (such as verification that the 
manual valve in the bypass line is OPEN prior to operating the air jet). Only one means of control is 
associated with Barrier 2, that is, the rupture disk itself). 

D.1 .I .4 Review, relative to the other nuclear criticality safety objectives. The last step in the 
double-contingency analysis is to reflect back on the design relative to all six of the basic design 
objectives discussed in paragraph 5.7.3, particularly the following two objectives. 

Objective 3: Is there a feasible design alternative that will completely eliminate this potential 
criticality scenario? In this example the possibilities may include design alternatives to (I) 
eliminate the use of liquids in the auxiliary systems to the dry location (probably not practical 
here), or (2) eliminate the 90-psig motive force (in favor of an alternative). 



DOE G 421.1-I 
8-25-99 

Table D.1 .I. Contingency Analysis - Summary Sheet 

155 

STATEMENT OF CRITICALITY SCENARIO 

Specific Location: Dry Location 
Mechanism: Liquid addition to dry location 
Source: Scrubber system liquid 
Phenomenon: Backflow due to high pressure in scrubber system 
Initiating Event: Pluggage of air jet at exit. 

INITIATING EVENT Pluggage of air jet at exit - estimated frequency, approx. O.G/year 
BARRIER 1 

DESCRIPTION: Relieve (high, abnormal) pressure via jet bypass pressure/interlock system. 

QUALIFICATION OF BARRIER 1: 
Guideline 1: Estimated Probability of barrier failure - O.O05/demand. 
Guideline 2: Product of (est. freq. of initiating event) times barrier failure prob. = O.G/year x 0.005 

= O.O03/year. 

LIST OF ASSOCIATED MEANS OF CONTROL: 
1. High-pressure switch - separator tank (open jet bypass valve at >4 psig). 
2. Electrical interlock - interlocks pressure switch to automatic valve in jet bypass line to OPEN 

on demand. 
3. Jet bypass valve (automatic) in jet bypass line. 
4. Manual valve in jet bypass line - requires administrative controls to ensure valve open. 
5. Vent line to vessel vent system - requires administrative control to ensure/verify that line is 

free. (Note: liquid overflow line to serve as backup.) 

BARRIER 2 
DESCRIPTION: Relieve (high, abnormal) pressure via the rupture disk on separator tank. 

QUALIFICATION OF BARRIER 2: 
Guideline 1: Estimated Probability of barrier failure - O.O03/demand 
Guideline 2: Product of (est. freq. of initiating event) times barrier failure prob. = O.G/year x 

0.003 = 0.0018lyear. 

LIST OF ASSOCIATED MEANS OF CONTROL 
1. Rupture disk on separator tank (rupture pressure >6 psig) 
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Objective 1: If feasible, have the preferred methods been incorporated? For example, the use of 
geometry control in the dry location (if feasible) could eliminate the necessity of precluding liquids 
from the dry location for reasons of nuclear criticality safety. 

D.2 Examples of eliminating unnecessary criticality scenarios. Rather than accepting an element of 
risk, it is preferred that the risk be removed entirely, if feasible. As discussed in paragraph 5.7.7, an 
effort should be made to explore the feasibility of design changes aimed at eliminating potential 
criticality scenarios. The three examples below are intended to illustrate the intent and lines of 
inquiry. 

D-2.1 Example # 1 - Removing a potential water source to a dry area. A design concept 
incorporates a water-cooled heat exchanger to cool the off-gas from a process. Evaluations reveal a 
potential criticality scenario that begins with cooling water leaking across the tubes of the heat 
exchanger (the initiating event), followed by the loss of detection and protective measures, and 
ending with water reaching a location that must remain dry for nuclear criticality safety. 

Before accepting this risk, consideration should be given to the feasibility of alternative cooling 
means that will completely eliminate this scenario. For example, it may be feasible to provide the 
off-gas cooling function using a design that does not involve water, such as with an air-cooled or 
freon-cooled design. Using an alternative cooling method, the potential source of water to the dry 
location is entirely eliminated. 

D.2.2 Example # 2 - Eliminating the motive force. A design concept incorporates an air jet 
connected to a process vessel to be used for the vacuum transfer of liquids into a vessel. The air jet 
is supplied by a high-pressure facility air system. Evaluations show a potential criticality scenario 
starting with pluggage of the exit to the jet with trash or other material, which produces a high 
positive pressure in the process vessel. In turn, the high pressure provides a motive force causing 
liquid in the vessel (containing fissile nuclides) to accidentally backflow through interconnecting 
piping and reach locations that are unsafe for criticality, such as instrument air systems, cold feed 
tanks, and ventilation systems. 

In such a case, the feasibility of alternative design concepts, such as an electrically driven pump or 
alternative system, should be explored that, while retaining the solution transfer capability, have no 
potential for producing large positive pressures on the vessel contents. 

D.2.3 Example # 3 - Eliminating the potential for over-concentration. A design concept incorporates 
an evaporator for concentrating aqueous solutions containing fissionable material product. Nuclear 
criticality safety of the evaporator is based on limiting the concentration of the fissionable material 
product to a safe value. An automatic control system is used to regulate the specific gravity of the 
concentrate. (The specific gravity can be directly correlated to product concentration levels.) Backup 
protection against product over-concentration is achieved using active protective devices (sensors 
and interlocks) that shut off the steam supply to the evaporator when the specific gravity of the 
concentrate approaches the limit for nuclear criticality safety. A potential criticality scenario is 
identified that begins with the loss of specific gravity control, followed by failure of the active 
protective devices to shut off the steam supply, and resulting in high product concentration levels 
exceeding the nuclear criticality safety limits. 

In this case, design considerations should be given to identifying a feasible means to eliminate the 
possibility of product over-concentration. For example, the circumstances may permit using a value 
for the steam supply pressure to the evaporator that is high enough to achieve the normal product 
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concentration level but low enough to thermodynamically preclude the evaporator system from being 
capable of attaining the higher product concentration levels associated with nuclear criticality safety 
concerns. With this approach, a criticality accident due to product over-concentration is not 
possible, regardless of the proper performance of the control and protective devices. 

D.3 Examples of passive-engineered features and devices. The purpose of this section is to provide 
examples of the group of controls called passive-engineered features and devices, that are discussed 
in paragraph 5.7.4.1 .I. This group consists of fixed, passive design features and devices with no 
moving parts. No electrical, mechanical, or hydraulic action is required. In many cases, these 
features and devices are employed to protect against the unwanted transport of liquids from 
favorable to unfavorable locations. 

D.3.1 Air break. An air break is a simple, highly reliable means for backflow or back siphonage 
prevention with virtually no failure mechanisms. With this device, an air gap is created by 
interrupting a piping system. This device is illustrated in Figure D.3.1 and is applicable to situations 
where line pressure may be broken. Note that such a device would rank very high as a preferred 
control for nuclear criticality safety considering reliability, range of coverage, and operational support 
requirements. Regarding range of coverage, this device provides direct, positive protection against 
backflow to the feed tank in Figure D.3.1 -- independent of the reason for the backflow. For these 
reasons, the air break should be employed as standard practice, whenever applicable. 

D.3.2 Barometric seal leg. Figure D-3.2 illustrates the use of barometric seal leg connections, or 
gooseneck connections, when there are multiple-source line connections to a main header. Here, a 
gooseneck connection is used for each source connected to the header. The arrangement shown in 
Figure D.3.2 includes overflow capability from the header and acts to prevent liquid that has arrived 
to the header (from one line source) from back-flowing through other line source connections. Of 
course, undetected pluggage of the overflow line could defeat the safety function. Because of its 
simplicity and effectiveness, this arrangement should be incorporated whenever backflow from a 
header through a source line could introduce nuclear criticality safety concerns. 

D.3.3 Criticality drain. A criticality drain is a device that normally serves both radiological and 
criticality safety functions while preventing liquid buildup in moderation controlled enclosures such as 
gloveboxes. Figure D.3.3 illustrates the use of a J-trap type criticality drain. The portion of the drain 
inside the glovebox is raised slightly above the bottom and has a baffle to prevent clogging (some 
types use screen mesh stand-offs). Thus, the maximum credible depth of liquid in the glovebox is a 
fraction of minimum critical thickness. The portion of the device below the glovebox is partially filled 
with an oil selected for its low evaporation rate and resistance to combustion. This oil forms a 
radiological seal, and this region of the device may be transparent or have a level indicator and fill 
port. The end of the J-trap may be open or connected to vented drain piping based upon radiological 
considerations. In the event of a spill or leak exceeding the inside lip height, liquids pass through the 
trap. The J-trap and any connecting piping are large enough in diameter to accommodate the 
maximum credible flow rate into the glovebox. If the drain(s) are piped to receiver vessel(s), they 
shall be criticality-safe and equipped with overflow lines to avoid backups. 
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ILLUSTRATION OF “AIR BREAK” 

FEED TANK 

A 
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Figure D.3.1. Schematic of air break. Figure D.3.2. Illustration of barometric seal. 
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Figure D.3.3. Criticality Drain. 

D.3.4 Nuclear safety blank. A nuclear safety blank is a simple, positive means for preventing the 
accidental transfer of liquid through a line to an unsafe location. This blank typically consists of a 
flat, solid metal disk inserted in a pipe flange to block the flow of liquid in special circumstances, 
such as special processing campaigns, where the accidental transfer of liquid through the line to 
another location could lead to criticality concerns. The device should be designed to make 
unplanned removal mechanically difficult and labeled for easy identification in the field. A spectacle 
flange is a nuclear safety blank combined with a second disk with flow hole(s) and resembles a pair 
of eyeglasses. This design provides flexibility while having the advantage of providing positive proof 
that flow is blocked if the disk with the hole(s) is visible. However, all nuclear safety blanks should 
be leak tested and surveyed for wear and corrosion at start-up and at appropriate intervals. With 
suitable administrative controls to guard against unplanned removal, these devices would likely 
qualify as a double-contingency control, whereas administrative controls to keep a block valve in the 
closed position would not qualify. 

0.3.5 Large line sizes. Under certain conditions, the pluggage of a line can cause the unplanned 
redirection of liquid to an unsafe location. By selecting a large, but safe, line-size larger than would 
otherwise be employed, it may be possible to make pluggage of the line considerably less likely to 
occur than would otherwise be the case. 

D.3.6 Restricting orifices. Under certain conditions, the occurrence of an abnormally high flow rate 
in a line can lead to a criticality concern. In such a case, a restricting orifice in the line can provide a 
simple, reliable means of protection. 

D.3.7 Relative elevation. The relative elevations of various equipment items and piping in a facility 
can be an important consideration in determining the potential for the unplanned transport of liquid 
from safe to unsafe locations. For example, simple leakage past a block valve can result in the 
unplanned flow of liquid (by gravity) from a source tank to a receiving tank located at a lower 
elevation. This mode of unplanned transport (by gravity) can be eliminated in the design concept by 
reversing the respective elevations of the two tanks. 

These examples serve to illustrate the importance of clear identification of those design features and 
controls important to nuclear criticality safety. Many of the design features and devices in this 
group, such as a restricting orifice or size of a line, are not normally associated with nuclear 
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criticality safety, and in the absence of clear identification, their importance to nuclear criticality 
safety may be overlooked. 

D.4 Examples of active protective devices. The group of controls identified as active protective 
devices is discussed in paragraph 5.7.4.1.2. These devices are characterized as add-on devices 
involving moving parts, are designed to act upon demand, or are sensing devices. Many such 
devices are electrical/mechanical. The first two examples below illustrate devices in this group that 
are strictly mechanical (preferred to complex electro-mechanical systems unless there is a 
demonstrable benefit from additional complexity). 

D.4.1 Rupture disk. Phenomena causing abnormally high pressure in a vessel can cause the 
unwanted flow of liquid in the vessel to unsafe locations, as illustrated in the example in section 
D.l .l . The normal engineering function of a rupture disk is to protect the vessel itself from over- 
pressurization. However, it may be feasible in a given situation to select a lower pressure rating for 
the rupture disk (than would otherwise be needed) to limit maximum pressures in a vessel below the 
values required to transfer the liquid to an unsafe location. Assuming that adequate reliability of this 
device can be established, the rupture disk would serve a valuable nuclear safety function in addition 
to its vessel protective function. 

D.4.2 Backflow prevention devices. As discussed in section D.3, an air break provides very 
effective protection against backflow and back siphonage. However, there are situations where an 
air break device is not suitable, since line pressure would be lost. When it is necessary to maintain 
line pressure, an in-line device may be considered. A review of the various backflow and back 
siphonage prevention designs could include: (1) single check-valve design, (2) double check-valve 
design, (3) double check-valve design with vent, (4) reduced-pressure device, and (5) reduced- 
pressure device with internal air gap. This spectrum of design types serves to illustrate the general 
notion involved in selecting a double-contingency means of control. Due to questions of seal 
integrity, it is likely that most of these backflow prevention devices would be determined to have 
insufficient reliability to qualify as a double-contingency means of control. On the other hand, one or 
more of these designs may so qualify, depending on unique design features and the service 
conditions involved. 

D.4.3 Radiation monitoring systems. A radiation detector, readout, alarm, and associated motor- or 
air-operated valve(s) that close(s) on a dose rate set point is a relatively simple active protection 
system for either radiological safety, criticality safety, or both. Such systems may be portable or 
fixed. They can be conservatively used for criticality safety of geometrically unfavorable tanks by 
assuming that all radioactivity is due to the presence of fissionable nuclides. More sophisticated 
applications use gamma spectrum analyzers to more accurately estimate fissionable material content. 
In-line detectors should be close to the lower side of piping at strategic points to maximize detecting 
solids-buildup that sampling may miss, and detectors on tanks should be located near places where 
solids-buildup is most likely. A variant of this system is a soluble neutron poison monitoring system 
where increasing neutron flux means poison concentration is decreasing. However, these detectors 
should not be located under pipes or tanks because poison can precipitate and skew results. 
Regardless of the specific application, it is important to design, operate, and maintain such systems 
to avoid frequent false alarms and thus create a distrust of instrument readings and alarms. 
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APPENDIX E. SOFTWARE CONFIGURATION CONTROL PROCEDURE 

This appendix provides an acceptable approach to ensure that the nuclear criticality safety software 
system used in support of contractor installation nuclear criticality safety organization(s) will 

l provide accurate and reliable results, 

l provide rigorous structure to implement software changes, and 

0 prevent unauthorized changes to the software. 

Included in this appendix are the actions and responsibilities for maintaining the quality and integrity 
of the nuclear criticality safety software system used in support of the contractor installation nuclear 
criticality safety organization(s). Except when specifically included in a Software Catalog, vendor- 
supplied systems software, such as operating systems, linkers, compilers, and data base 
management systems used by the contractor installation, are excluded here and covered by separate 
configuration control for which the contractor is responsible. 

E.l Specific responsibilities. 

E.l .l 

0 

Contractor safety organization manager. The contractor safety organization manager 

acts as or appoints a Software System Team Chairperson; 

assumes overall responsibility for the configuration control of the Contractor Nuclear 
Criticality Safety Software System; 

maintains membership and charter on the Software System Team through coordination 
with the Contractor Nuclear Criticality Safety Committee (See Form E.7 for charter); 

schedules and coordinates annual surveillance of the software configuration control 
program; 

requests a surveillance/audit of configuration control for software utilized for nuclear 
criticality safety computations once every five years; 

maintains a current listing of authorized users as notified by System Administrator; 

distributes pertinent information on the software changes, Software Catalog, validations, 
and other sources to authorized users as appropriate; 

participates, coordinates, and manages the handling and resolution of Software Revision 
Reports and Software Nonconformance Reports as prescribed in this plan; and 

maintains hard copy documentation for a retention period consistent with paragraph 2.1.2 
for 

- Software Configuration Control Plans, 
- Software Catalogs (Form E.31, 
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- Software Revision Reports (Form E.11, 
- Software Nonconformance Reports (Form E.21, 
- Request for User Access (Form E.41, 
- Audit and Surveillance Reports, and 
- Software System Team Charter and Membership. 

E.l.2 Software System Team. The Software System Team 

0 by majority, determines those development, verification, testing, and record keeping 
operations to be covered by the Configuration Control Plan and the access controls to be 
required, 

0 when a new software system is believed to be ready for use, reviews and approves the 
Software Catalog for completeness and correct access control, 

0 develops the requirements for software Verification and Configuration Control Tests, 
coordinates the performance of the required tests, and approves all new or revised 
software before production use, 

0 ensures that documentation has been updated (e.g., Configuration Control Plan, Software 
Catalog, Access Control, records of Verification and Configuration Control Tests, etc.), 

0 upon request, assists the “quality organization” and other organizations in performing 
software appraisals, audits, and surveillances, 

0 when a change to the software is requested, reviews the Software Change Request, 
Software Revision Report, Part A (Form E. 11, to decide if and when the change should be 
made and completes Parts B and C, as appropriate, 

0 reviews Software Nonconformance Reports (Form E.2) and determines and documents 
resolution by a majority in agreement, and 

0 develops, implements, and maintains a Software Disaster Plan, as appropriate (Form E.51. 

E.l.3 Functional System Manager. The Functional System Manager 

0 serves as the principal Nuclear Criticality Safety Organization contact to the software user 
with regard to the content of the software, 

0 provides notification to installation software users of changes to the software systems, 
nonconformance reports, specialized machine dependent job control language (JCL) 
requirements, and current Software Catalog, and, if serving as the lead contact for more 
than one installation, maintains communication with each installation represented, 

l participates in the handling and resolution of Software Revision Reports and Software 
Nonconformance Reports as prescribed in this plan, 

0 ensures that a Software Catalog is prepared for each mainframe computer software 
application, is kept current, and a copy provided to each user, 
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0 verifies correct version of software is transferred into Migration Storage Area from the 
Development Storage Area and performs or coordinates the Software Verification Tests, 
and 

l upon approval of the change for production use, ensures that the version identification of 
any departmental procedure or plans that reference the software by version are updated. 

E. 1.4 System Administrator. The System Administrator 

0 ensures that master copies of the previous versions of machine executable modules and 
source code are maintained in the Archive Storage Area, and that a hard copy listing and 
documentation of the latest version are maintained, 

l retains a copy of all Software Revision Report (Form E. 1 I forms, 

0 prepares the Software Catalog and sends a copy of each updated catalog to all members 
of the Software System Team, 

0 notifies the Software System Team that programming of a requested revision is complete 
and has been transferred to the Migration Storage Area for Verification Testing, 

0 checks the Software Revision Reports and supporting documentation for completeness and 
forwards the report to the Software Developer, 

l performs the transfer of software to the Production Storage Area and Archive Storage 
Area when all proper tests and approvals authorize the transfer, 

0 verifies and ensures the proper version of the executable code is in the Production Storage 
Area and the most recently superseded version of the source and executable code is 
stored in the Archive Storage Area, 

0 develops, implements, and maintains the Configuration Control testing of the software 
production version and maintains appropriate documentation of testing, 

l develops, implements, and maintains a NCS Software Programmer’s Manual to document 
the procedure used in transferring, compiling, and otherwise using the software, and 

l subject to the Software System Team Chairperson’s approval, procures and maintains 
computer equipment to perform archiving and testing responsibilities. 

E. 1.5 Installation nuclear criticality safety organization. The installation nuclear criticality safety 
organization 

l ensures all users of the NCS Software System utilize software that is covered by this 
Configuration Control Plan for mainframe computations, 

l ensures the computer software contained in the Software Catalog (Form E.3) is properly 
validated for the intended use, 

l assists in the performance of Verifications and Configuration Control tests, as necessary, 
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l authorizes access to the software covered under this plan for users in the installation 
Criticality Safety Organization and other contractors per the User Access form (Form E.41, 
forwards completed User Access forms to the Software System Administrator, and 
provides notification to the Software System Administrator when user access needs to be 
removed, 

l develops and implements Disaster Plans where appropriate and forwards a copy of these 
plans to the Software System Team, Form E.5, 

l ensures that each user granted access to the software is provided with training in the 
proper use of the software, 

l develops and implements the appropriate Quality Assurance and Quality Control Programs 
to ensure the correctness of calculational results and use of the software, 

l assists the Software System Team in implementing software changes, testing new 
software, user access control, and any other areas where appropriate, 

l may request changes by initiating the Software Revision Report (Form E.1) in order to 
define modification requirements, and 

l reports problems encountered to the proper Functional System Manager using the 
Software Nonconformance Report (Form E.2). 

E.1.6 Software developer. The software developer 

l makes ONLY those software changes that have been approved by the Software System 
Team on a Software Revision Report (Form E.l), 

l may propose software changes on a Software Revision Report, 

l updates software version identification in a program when changes are made, 

l assists the Software System Team in conducting the Verification Test of the software 
modification, 

l supplies information to the System Administrator on software version identification and 
software changes, as appropriate, and 

l works with Software System Team to update the supporting documentation. 

E.2 Software identification. Initial system configuration consists of a catalog of application specific 
software. This Software Catalog defines the baseline system configuration. Access control is 
established by the Software System Team and is maintained by the System Administrator. 
Unambiguous labeling should provide traceability from source modules to executable modules (Form 
E-6). 

Versions should be uniquely identified in such a way that the update sequence may be readily 
determined. The version number and revision number shall be listed at least once on all output. 
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E.3 Software control. Users of software are responsible for ensuring that any software used is the 
currently approved version and that the use and application is validated. 

All modifications to the nuclear criticality safety software system require the approval of the 
Software System Team using the procedure in section E.4 of this plan. 

The software residing in the Production Storage Area will be audited by the Quality Division to 
ensure that the correct version is in use and that no changes have been made. 

Hard copy computer printouts should have, printed on a header, the version and date of revision of 
the principal software unit generating the printout. 

All modifications of software will be acceptance tested as specified on the Software Revision Report. 

E.4 Software change procedure. A software change is initiated by any user by completing Part A of 
the Software Revision Report. 

The request is sent to a member of the Software System Team. 

The Software System Team Chair/Functional System Manager/Software Administrator transmits the 
report to the other members of the Software System Team, as needed, to determine if and when the 
change should be made. 

Approval or rejection is documented by completing Part B of the Software Revision Report. If the 
modification is to be made, the Verification Test Plan should be developed and documented on the 
Software Revision Report, Part B. NOTE: The level of detail in the Verification Test is determined by 
the Software System Team based on the extent of the software change and the consequences of 
unintended or unanticipated changes. The Software Revision and associated Verification Test are 
approved by the Software System Team by signing the appropriate spaces on the form. If the 
Software Revision Report is rejected, the Software System Team Chairperson provides an 
explanation for rejection and provides a copy to the requestor. 

A copy of the approved Software Revision Report (Parts A and 81 is sent to the System 
Administrator. The System Administrator provides the Software Developer a copy of the current 
source code. 

The software modifications are made in the Development Storage Area. Once the software 
modifications have been made to the satisfaction of the Software Developer and the System 
Administrator, the software is transferred to the Migration Storage Area by the Functional System 
Manager. Part C of the Software Revision Report documents the completion of this step. 

The Verification Test is performed in the Migration Storage Area by the Functional System Manager 
with assistance, where appropriate, from the installation NCS Organizations. 

The performance of the software in the Verification Test is evaluated by the Software System Team. 
Part D of the Software Revision Report documents the Verification Test results and the 
acceptance/rejection of the results by the Software System Team. 
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Software System Team approval of the Software Revision Report, Part D, provides notification to the 
System Administrator to transfer the new version of the software into the Production Storage Area 
and a copy of the current version (source and executable code) to the Archive Storage Area. 

Completion of Part E of the Software Revision Report documents the software transfers, bit-by-bit 
comparison of the new Production version, and completion of the software revision procedure. 

E.5 Nonconformance Report procedure. A Nonconformance Report is initiated by completing Part A 
of the Nonconformance Report (Form E.2). 

The request is sent to a member of the Software System Team. 

The Software System Team Chair/Functional System Manager/Software Administrator transmit the 
report to the other members of the Software System Team, as needed, to determine the actions to 
be taken to prevent recurrence of the nonconformance. 

The Software System Team Chair provides nonconformance notification to the Quality Assurance 
Division and the Occurrence Reporting System, as appropriate. 

In extraordinary cases, the System Administrator or the Software System Team Chairman may 
authorize shutting down a program that presents immediate and major danger to safety or the 
environment. In such cases, the Software System Team should authorize the use of the corrected 
software, full details of the incident shall be provided in the documentation for the change, and a 
Nonconformance Report shall be initiated. The changed software shall have a new version 
identification. 

E.6 Software testing. Configuration Control Test: Testing procedure, requirements, and plan are 
determined by the Software System Team. At a minimum, the Configuration Control Test should 
include (a) a periodic (every quarter) bit-by-bit comparison of the production version against an 
archived production version stored at the time the production version was installed, and (b) quarterly 
testing by each installation using installation specific validation cases. Documented records of these 
tests shall be maintained by the System Administrator. 

Verification Test: Testing procedures, requirements, and plans are determined by the Software 
System Team pursuant to section E.4 of this plan. The level of detail found in the test plan will be 
commensurate with the complexity of the software change. As part of a Software Change Request 
implementation, transfer tests will be performed to verify the copying and transferring of software 
from one computing platform to another computing platform as listed in the software catalogs. 
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Form E.l Software Revision Report. 
SAMPLE 

Reason for the requested change and Software Nonconformance Report No.(SNR- 

Description of requested change: 

Modules affected: 

Describe anticipated or known effects the change will have on: 
A. Sample problem results 
B . Calculational time/efficiency 
C . Existing documentation 

Name of requestor and signature: Date: 
: 
z I: 

Functional System Managers 

Approval Rejection 

System Administrator 

Software System Team Chairperson 

Reason for rejection: 

Software Verification Test Plan attached? Page 1 01 
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Form E. 1 (cont.) 

Describe the change and components affected 

File names for new source or data: 

Describe the results of the Software Developer testing performed: 

Does the change affect existing documentation? If so, update and attach new documentation. 

Software change completed 
Software Developer 
System Administrator 

Date 
Date 

Software transfer: Development Storage Area to Migration Storage Area by Functional System Manager 
SYSOl Date SYSO3 Date 

Verification tests results accepted and permission granted to transfer software from Migration Storage Area to 
Production Area 
Functional System Manager Date 
Functional System Manager Date 
Functional System Manager Date 
System Administrator Date 

Software change implementation in Production Storage Area completed and updated software catalogs sent to 
Software System Team Chairperson. 
System Administrator Date 

Page 2 of 2 
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Form E.2 Software Nonconformance Report 
SAMPLE 

169 

Software user name and address: 

Software title/version/date: 

IIT ~~~ Description of software nonconformance or error: 

I ~~~~ Cause of nonconformance or error: 

II Effect on previous calculations: 

Recommended corrective action: 

Cause of nonconformance and effect on previous software users: 

Immediate action is required to stop use of software? 

Reportable event per Occurrence Reporting System? 

Recommended corrective action: 

Software System Team approval of recommended corrective actions: 
Functional System Manager Date 
Functional System Manager Date 
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Form E.3 NCS Sofhwre System Version No. 1 Catalog 
Computer node - 

Updated: 
SAMPLE 
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Form E.4 Request for User Access. 

User access is requested for the following Contractor Nuclear Criticality Safety software: 

The proposed user and their supervisor have been informed and understand that validation, 
(establishment of correctness or bias in calculated results) is a user responsibility and that the contractor 
makes no claim of correctness for the computer software or for computer calculations performed by 
others. 

Type Proposed User’s Name and UID: 

Proposed User (Signature): 

User’s Address: 

User’s Supervisor (Signature): 

Organization: 

Installation Nuclear Criticality 
Safety Organization Head (Signature): 

Date: 

User’s Phone #: 

Date: 

Date: 

SEND COMPLETED FORM TO: 

(TO BE COMPLETED BY SOFTWARE SYSTEM ADMINISTRATOR) 

User access was activated on this date: 

System Administrator Signature: 

Copy: Software System Team Chair 
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A disaster plan is not necessary for the NCS software because of the redundancy provided by multiple 
computing systems. The NCS software will be provided on the following systems, for example: 

1. Computing System #I I.D. 
2. Computing System #2 I.D. 
3. Computing System #3 I.D. 

Therefore, it is judged to be incredible that all NCS software versions could be simultaneously 
destroyed. 
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Form E.6 Software Labeling Protocol Examples 

Source 
NCSS.ZAZ39461 .Module.V#R###.FORT (.ASM) 

Production Subroutine library 
NCSS.ZAZ39461 .Sublib.V#R###.LOAD 

Archive Subroutine library 
NCSS.ZAZ39461 .Sublib.V#R###.ARCHIVE 

Production Load Modules 
NCSS.ZAZ39461 .module.V#R###.S###.LOAD 

Migration Load Modules 
NCSS.YCR39461 .module.V#R###.S###.LOAD 

Archive Load Modules 
NCSS.ZAZ39461 .module.V#R###.S###.ARCHlVE 

Data Libraries 
NCSS.ZAZ39461 .identification.V#R###.DATA 

MODULE = program name (such as KENOVA, CSAS25, and SUBLIB) 

V# is the nuclear criticality safety software version number. 
R### is the module revision number. 
S### is the subroutine library revision number. 
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Form E.7 NCS Software System Team (NCSSST) Sample Charter. 

Objective: The nuclear criticality safety software system team (NCSSST) acts as the change control 
board for the company’s Nuclear Criticality Safety Software. The team should: 

. maintain the company’s Nuclear Criticality Safety Software Configuration Control 
Plan, 

. determine and implement necessary changes to the NCS software pursuant to the 
configuration control plan, 

. address NCS software nonconformance reports as appropriate, and 

. provide assistance to other organizations in the area of software configuration 
control. 

Mtng Freq: At the discretion of the team (minimum - once per year) 

Team 
Membership: Chairperson 

Contractor Central Safety and Health organization or designee 
System Administrator 
Computer, hardware or software maintenance/operations organization 
Installation Functional System Manager(s) 
Installation representative(s) 

Reporting: The NCSSST is directly accountable to the Contractor Central Safety and Health 
organization. 
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APPENDIX F. EXAMPLE COMPUTATIONAL TECHNIQUE VALIDATIONS 

This appendix provides more detailed descriptions and example implementation of the required 
elements for computational technique validation as described in paragraphs 5.8.4 and 5.8.5, i.e., 

(a) the selection and description of the critical experiments used in the validation, or an 
appropriate reference that describes the experiments in adequate detail to permit 
reconstruction of computational input, 

(b) the selection and description of the computational method that is to be validated along with 
any necessary data for performing calculations or comparisons (e.g., neutron cross 
sections, material bucklings, limiting surface densities, or other similar data), 

(c) the selection and description of the computer/calculator platform and associated operating 
system used in the validation, 

(d) the nuclear properties, such as cross sections, that should be consistent with experimental 
measurements of these properties, 

(e) a description of similarities and differences between the critical experiments and the 
calculational models used for the validation, 

(f) all geometric, material, and nuclear physics related input variables used for the validation of 
the calculational or comparative method, with sketches provided, 

(g) the basis for the calculational or comparative bias and the determination of an acceptance 
criterion for calculated subcritical results, and 

(h) establishing the areas of applicability of the calculational or comparative bias and the 
acceptance criterion developed from the validation effort. 

F.l Selection and description of critical experiments. The selection and description of critical 
experiments used as benchmarks for the calculational method validation should be similar to, and 
representative of, the problems that are to be evaluated. The benchmarks’ physical compositions, 
geometric configurations, and other nuclear characteristics should be reviewed to ensure applicability 
(similarity) to the future problems for which the validation is intended. Unfortunately, critical 
experiments available for benchmarking tend to emulate single units. A particular problem evaluation 
may require calculations for a single unit, as well as arrays of units (such as in fissionable material 
package or storage array evaluations). Such a problem poses a difficulty in benchmark selection 
because there is a paucity of critical experiments of large arrays. Because of these concerns, it may 
be necessary to model a wide variety of benchmark experiments to adequately assess the validity of 
the calculational method used in the evaluation. Sufficient numbers and quality of experiments 
should be selected to provide a statistically justifiable basis for subcritical acceptance criteria. 

F.2 Selection and description of the computational method. The selection of the computational 
method should be related to the particular expertise and experience of the criticality safety specialist 
performing the validation and should be related to the difficulty of the eventual problem evaluation 
and the relevance of the benchmark data to the computational technique. Examples of calculational 
methods are the three-dimensional multi-group or the pointwise cross section Monte Carlo codes, 
KENO-V.a, or MCNP and VIM, respectively; the one-dimensional multi-group S, discrete-ordinates 
transport theory code, ANISN; the diffusion theory code, GAMTEC II - HFN; and hand calculation 
methods such as the limited surface density, density analog, one- or two-group restricted three- 
dimensional diffusion theory, or solid angle methods. Associated computational data (e.g., cross 
section libraries, scattering quadrature sets, material bucklings, diffusion lengths, etc.) shall be 
identified. The computational method and associated computational data shall be described or 
referenced in the validation documentation. When computer neutronics calculations are used, the 
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type of computing platform should be stated along with relevant code configuration control 
information. This information may be provided by reference. 

An example partial listing of computer codes, models, and hand calculational methods that 
historically have been successfully used for nuclear criticality safety evaluations is provided in Table 
F-2. 

Table F.2. Partial Listing of Computer Codes, Models, and Hand Calculational Methods 

Computer Codes 

- R. N. Blomquist, “VIM Continuous Energy Monte Carlo Transport Code,” Proceedings of the 
International Conference on Mathematics and Computations, Reactor Physics, and 
Environmental Analysis, Portland, OR, (April 30 - May 4, 1995). (On-line user’s guide for VIM 
is shipped with the code, available at RSICC). 

- J. F. Briesmeister, Ed., “MCNP, A General Monte Carlo Code for Neutron and Photon Transport,” 
LA-7396-M, Rev. 2, Los Alamos National Lab. (Sept. 1986). 

- L. L. Carter, C. R. Richey and C. E. Hughey, “GAMTEC-II: A Code for Generating Consistent 
Multigroup Constants Utilized in Diffusion and Transport Theory Calculations,” BNWL-35, 
Pacific Northwest Laboratory, (March 1965). 

- N. M. Greene, L. M. Petrie, “XSDRNPM-S: A One-Dimensional Discrete-Ordinates Code for 
Transport Analysis,” ORNL/NUREG/CSD-2/V2/Rl (June 1983). 

- J. R. Lilley, “Computer Code HFN; Multi-Group, Multi-Region Neutron Diffusion Theory in One 
Space Dimension,” HW-71545, General Electric Company, Richland, Washington, (July 1962). 

- R. D. O’Dell, F. W. Brinkley, Jr., D. R. Marr, and R. E. Alcouffe, “Revised User’s Manual for 
ONEDANT: A Code Package for One-Dimensional, Diffusion-Accelerated, Neutral-Particle 
Transport,” LA-91 84-M Rev. (December 1989). (On-line user’s manuals for TWODANT are 
shipped with the program source.) 

- L. Petrie, N. Landers, “KENO-Va, An Improved Monte Carlo Criticality Program with 
Supergrouping,” ORNLINUREGICSD-2NIIR2 (Dec. 1984). 

- W. A. Rhoades and R. L. Childs, “An Updated Version of the DOT 4 One-and Two-Dimensional 
Neutron/Photon Transport Code,” ORNL-5851 (July 1982). 

- W. A. Rhoades and R. L. Childs, “The DORT Two-Dimensional Discrete Ordinates Transport Code,” 
Nucl. Sci. Eng. 99, 1, 88-89 (May 1988). 

- W. A. Rhoades and R. L. Childs, “The TORT Three-Dimensional Discrete Ordinates Neutron/Photon 
Transport Code,” ORNL-6268 (November 1987). 

- C. R. Richey, “EGGNIT: A Multigroup Cross Section Code,” BNWL-1203, Battelle Memorial Institute 
Pacific Northwest Laboratories, Richland, Washington (November 1969). 
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- V. S. W. Sherriffs, “MONK, A General Purpose Monte Carlo Neutronics Program,” SRD-R-86, 
United Kingdom Atomic Energy Authority Safety and Reliability Directorate, Culcheth 
Warrington, January 1978. 

- T. P. Wilcox, E. M. Lent, “COG: A Particle Transport Code Designed to Solve the Boltzmann 
Equation for Deep-Penetrating (Shielding) Problems.” Draft Report, Lawrence Livermore 
National Lab. (Oct. 1986). 

Models and Hand Calculational Methods 

- J.T. Thomas, “Solid Angle and Surface Density as Criticality Parameters,” NUREG/CR-1615 and 
ORNL/NUREG/CSD/TM-15, U.S. Nuclear Regulatory Commission (1980). 

- J.T. Thomas, “Surface Density and Density Analog Models for Criticality in Arrays of Fissile 
Materials,” Nucl. Sci, Eng., 62, 424 (1977). 

- M.C. Evans, “Criticality Assessment Using the Limiting Surface Density (NB%) Method and 
Examples of Application,” BNFL SAG/80/P29, British Nuclear Fuels plc (1980). 

- H.F. Henry, C.E. Newlon and J.R. Knight, “Extensions of Neutron Interaction Criteria,” K-l 478 
(July 1961). 

- F.G. Welfare, “A Comparison of the Solid Angle Technique with KEN0 IV Calculations,” Trans. Am. 
Nucl. Sot., 43, 410 (1982). 

- C.E. Newlon, “Solid Angle-Interaction Potential Method: Illustrative Problems,” K-L-6328 (Sept. 
1973). 

- D.R. Oden, J.K. Thompson, M.A. Lewallen, “Critique of the Solid Angle Method,” NUREG/CR-005, 
U.S. Nuclear Regulatory Commission (1978). 

- D. C. Hunt, “Comparative Calculational Evaluation of Array Criticality Models,” Nucl. Technol., 30, 
190 (1976). 

- S. J. Altschuler and C. L. Schuske, “A Model for the Safe Storage of Fissile Solutions,” Nucl. 
Technol., 17, 110 (1973). 

- C. L. Schuske and S. J. Altschuler, “Models for the Safe Storage of Dry and Wet Fissile Oxides,” 
Nucl. Technol., 19, 84 (1973). 

- S. J. Altschuler and C. L. Schuske, “Models for the Safe Storage of Fissile Metal,” Nucl. Technol., 
13, 131 (1972). 

F.3 Description of similarities and differences. Nearly every computational model of a benchmark 
experiment requires some modeling approximations. The computational model approximations of the 
benchmarks should be described and include discussions on the similarities and bases of the 
differences. 
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F.4 Input variables. The geometric, material, and nuclear physics related input variables used for the 
validation of the calculational or comparative method should be provided along with sketches that 
relate the benchmark to the computational model. 

F.5 Acceptance criteria. The acceptance criteria are developed from the bias of calculated results 
and the uncertainties of the experimental data, the calculational technique, and the calculational 
models. 

The basis for the calculational or comparative bias and the determination of acceptance criteria for 
calculated subcritical results shall be provided. For nuclear criticality safety calculational method 
validation purposes, the bias is defined as a measure of the systematic disagreement between the 
results calculated by a method and experimental data. The usual method of determining the 
calculational bias is to correlate the results of the benchmark critical experiments with the calculated 
results of the code being validated. With a value of unity, k,, = 1 .O, for each benchmark critical 
experiment, the bias is the deviation of the calculated values of k,,, from unity. The average bias is 
usually determined by one of two methods: (1) taking the difference between a simple average of 
the pooled calculated results and unity, that may be adequate for a specific validation, or (2) taking 
the difference between a linear regression of the calculated results (as a function of some 
independent variable, e.g., average energy group (AEG) of neutrons causing fission) and unity, that is 
usually necessary for a global validation. The first method produces a single value for the bias, while 
the second method produces a variable bias that is a function of the independent variable due to 
trends. Generally, neither the bias nor its uncertainty is constant; both are typically a function of 
one or more physical or nuclear variables. Physical variables include, for example, material 
composition, density, and enrichment. Nuclear variables include AEG causing fission, ratio of 
thermal absorption to total absorptions, ratio of total fissions to thermal fissions, fractional neutron 
leakage, and others. To appropriately validate cases where the calculated flux is relatively large in 
the intermediate energy range and small in the fast and thermal regions, the code user needs to use 
benchmark quality critical experiments with similar AEG values and flux-energy group distributions. 

Uncertainties in the validation calculations come from three general sources. The first source arises 
from limitations associated with the critical experiment and inadequacies of determinations and 
documentation. These can include uncertainties in the material and fabrication tolerance of the 
experimental hardware and fuel (compositions, assays, masses, densities, dimensions), the 
experimenter’s manipulation or adjustments, or both, to obtain the reported data, and an inadequate 
description of the experimental layout and surroundings. The second source is from the 
computational method, that may include uncertainties in the mathematical equations solved, the 
calculational approximations utilized in solving the mathematical equations, the convergence criteria, 
the cross-section data evaluation process and the manipulation of cross-section data, and limitations 
of the computer hardware. The third source is from the calculational models developed to emulate 
the experiment. These include uncertainties because of material and dimensional modeling 
approximations, the selection of various code options, individual modeling/coding techniques, and 
interpretation of the calculated results. 

For computational method validation purposes, it is usually not practical or necessary to quantify and 
qualify all the individual uncertainties. The total uncertainty can be estimated through the application 
of any valid statistical treatment of the data. The total uncertainty determined usually appears as 
the bias and a variability in the bias, depending upon the statistical analysis applied. The 
combination of the bias and uncertainty in the bias is deduced from the mean value being calculated 
to establish a subcritical value, e.g., acceptance criteria. This subcritical value and any other values 
considered to be less subcritical are taken to be critical within the confidence limits applied to the 
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statistical technique to determine the uncertainty. A margin of subcriticality should be deduced from 
the previously described subcritical value to ensure subcriticality. 

Where calculational methods of evaluation are used to predict neutron multiplication factors, the 
calculated multiplication factor, k,, shall be equal to or less than an established allowable neutron 
multiplication factor, upper subcritical limit; i.e., 

k, i k, - Ak, - Ak, - Ak, 

where 

k, = 

k, = 

Ak, = 
(a) 
b) 
(c) 

Ak, = 
(a) 
(b) 
(cl 
(d) 

Ak, = 

the calculated allowable maximum multiplication factor, k,,,, upper subcritical limit (USL), 
of the system being evaluated for normal or credible abnormal conditions or events. 

the mean k,,,, that results from the calculation of the benchmark criticality experiments 
using a particular calculational method. If the calculated values of k,,, for the criticality 
experiments exhibit a trend with a physical or nuclear variable, then k, shall be determined 
by extrapolation on the basis of a best fit to the calculated values. The criticality 
experiments used as benchmarks in computing k, should have material compositions 
(neutron poisons and moderators), geometric configurations, neutron energy spectra, and 
nuclear characteristics (including reflectors) similar to those of the system being evaluated. 
Generally neither the bias nor its uncertainty is constant; both should be expected to be 
functions of composition and other variables. 

an allowance for 
statistical or convergence uncertainties, or both, in the computation of k,, 
material and fabrication tolerances, and 
uncertainties due to limitations in the geometric or material representations used in the 
computational method. 

a margin for uncertainty in k, that includes allowance for 
uncertainties in the critical experiments, 
statistical or convergence uncertainties, or both, in the computation of k,, 
uncertainties due to extrapolation of k, outside the range of experimental data, and 
uncertainties due to limitations in the geometrical or material representations used in the 
computational method. 

an arbitrary margin to ensure the subcriticality of k,. The margin in the correlating variable, 
that may be a function of composition and other variables, shall include allowances for the 
uncertainty in the bias and for uncertainties due to any extensions of the areas of 
applicability. A value for Ak, should be described and documented. 

F.6 Areas of applicability. An integral part of a code validation effort is to define the areas of 
applicability for the validation. There are three conditions that must be satisfied to ensure that 
calculations done to evaluate or support a real situation fall within the areas of applicability for the 
validation of the calculational method being used. These are materials (and associated nuclear 
properties), geometry, and neutron energy spectrum. Frequently, the correlating variable of AEG of a 
neutron causing fission is used to define an area of applicability for the validation and related 
computational bias. A discussion of the bases or judgments as to what constitutes the validation 
areas of applicability should be provided. 
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The areas of applicability should identify the important variables and characteristics for which the 
code was (or was not) validated. For example, the areas of applicability may include specific types 
of fissionable materials (HEU, LEU, plutonium of low 240Pu content, or others), material form (solution 
or metal, water-moderated or carbon-moderated, and others), geometric configurations (single units 
or arrays, heterogeneous or homogeneous, dissimilar units, or other conditions), and reflector 
materials (water, concrete, steel, lead, or others). The areas of applicability are intended to identify 
specific limits (upper and lower) of the variable or characteristic used to correlate the bias and 
uncertainties. For example, the areas of applicability may be defined in terms of the moderating ratio 
like H:X = 10 to 500, or in terms of the average energy group causing fission such as an 
AEG = 6.5 to 21.5, or in terms of the ratio of total fissions to thermal fissions like F:F,, = 1 .O to 
5.0. For subsequent use of a validated code, the user should show that the variables and 
characteristics of the problem being calculated fall within the areas of applicability defined during the 
validation. 

The areas of applicability of a calculational method may be extended beyond the range of 
experimental conditions over which the bias is established by making use of correlated trends in the 
bias. Where the extension is large, the method should be 

(a) validated with a stepwise approach in developing a repertoire of benchmarks for the 
purpose of identifying individual potentially compensating biases associated with individual 
changes in materials, geometries, or neutron spectra, and 

(b) supplemented by other calculational methods to provide a better estimate of the bias(es) in 
the extended areas of applicability. 

F.7 Example validation. This example describes a statistical technique used to establish the 
maximum allowable calculated k,, acceptance criterion (also called the upper subcritical limit) 
resulting from a computational method validation effort. Various elements of the technique are 
derived from different references. This example provides more detail than what is provided in the 
footnoted references, and the equations may be in a different, but algebraically identical, form. The 
equations in this example are usually in a basic form, while other algebraically identical forms (not 
presented here) are more convenient for computational purposes. 

One methodlo used to validate the KEN0 criticality code and associated cross sections for 
establishing an acceptance criterion is to determine the single sided, uniform width, closed interval, 
lower tolerance bandllo~lll (LTB) for calculated k, values of critical systems. For application, this 
LTB becomes the upper subcritical limit (USL) acceptance criterion. A system is considered 
acceptably subcritical if a calculated k,,, plus two standard deviations lies below the USL, i.e., 
k, + 20 < USL: 

109 H. R. Dyer et al., “A Technique for Code Validation for Criticality Safety Calculations,” 
Trans. Am. Nucl. Sot. 63, 238 (June 1991). 

110 D. C. Bowden and F. A. Graybill, “Confidence Bands of Uniform and Proportional Width for 
Linear Models,” Am. Stat. Assoc. Jour. 61, 182 (March 1966). 

111 N. G. Johnson, Ed., “Tolerance Interval in Regression, Query 26,” Technometrics 10, 107 
(February 1968). 
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For a set of n k,,, calculations of critical experiments with a corresponding independent variable x, 
determine the linear least-squares fit, k(x), of the data as a function of x. 

k(x) = b. + 6, x, where 

bl(the slope) = 
C(Xj -x‘)(kj -k> 

C(*j-~2 ’ 

b&he intercept) = 
Ckj-blCXj 

n ’ 

and 
~kj 

k=-. 
n 

In these equations, and others to follow, a summation, I, means the sum of all values from i = 1 to 
i = n, where n is the sample size, that is the number of critical experiments upon which the validation 
is based. The independent variable, x, is used to specify the areas of applicability, as described in 
section F.6. 

The next step is to determine the “pooled” variance, 
2 

s 
P 

2 2 2 
sp = Sk(x) + SW , where 

2 
sk(~) (the variance of the fit, or mean square error) = 

r 

1 [~(X j -~(kj - R>12 

n-2 
~(kj - k,2 - 

~(X j -~2 
, 

3 
SW (the within variance of the data) = ~~cJ~ , and 

n 
4 is the standard deviation associated with each calculated k,,,, 

The pooled standard deviation is then the square root of the variance, s = 
P 
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2 
The within-variance, sw, represents the contribution of the variance from KEN0 or other Monte 

Carlo codes that have a standard deviation associated with the calculated k,,, values. For 
deterministic codes that do not have a standard deviation associated with the k,,, values, the within- 
variance is zero. It should be noted that the within-variance is not a part of the statistical method 
presented in footnotes 110 and 1 11, but was included here because of the inherent uncertainty from 
a Monte Carlo type code. 

The next step is to determine a multiplier, C, of the pooled standard deviation such that there is at 
least a confidence that a proportion P of the population (of future calculations of critical systems) 
will lie above the line defined by k(x) minus Cs,. This is the LTB as determined by the technique, 
and 

LTB = k(x) - Cs, . 

The a confidence, that is selected by the validator, is defined by 

a= - y2 , where 

(1 - yl) = the one-sided confidence band about the linear regression, and 
(1 - y2) = the confidence on the variance of the fit. 

Since the expression for a presents one equation and two unknowns, either y1 or y2 must be 
selected such that the other can be determined. In practice, the (1 - y,) confidence is selected to be 
the same value as the a confidence, typically 0.95. With a = 0.95 and (1 - yl) = 0.95, then 
(1 - y2) = 0.975. The proportion P is usually chosen to be 0.999. 

The multiplier C is determined from 
-1 

c = c* 
n-2 2 

+“P 2 
, where 

%-2>(l-Y2) 

zp is the standard normal variable of the proportion P for a normal distribution, 

4-W -Y2) 
is from the Chi-square distribution for (n-2) degrees of freedom at the (l-y,) 

confidence, 
and n is number of calculated critical experiments used in the validation. 

NOTE: The author of footnote 111 is not consistent with the subscript notation used during the 
development of the technique. The technique is based upon the “upper tail” of the 
Chi-square distribution, such that 

P[&) ’ 
2 

x (n-2)(1-y2)l = ’ - Y2 . 

Most Chi-square tables typically denote the “lower tail,” such that 
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‘[(n-2) * Xfn-z)(p)1 = ’ ; 

then, the upper tail of the distribution is 

’ x&)(p)1 = 1 - p . 

Thus, to obtain the value of X (author’s notation), enter the table to find 

Cn -2XY2) 
(typical notation), as the author does in the example problem for footnote 

111. 

C’ is evaluated over the range of the independent variable, a < x < b, where a and b are, 
respectively, the lower and upper limits of the areas of applicability. C’ is determined by calculating 
values for g, h, p, and A, where 

g=!. 

(iz-F)2 ; 

n 
~(Xj-X)2 ’ 

I 

n z(xj-r)L 

J- + (a-F)(b-F) 

I 
n ~(:(x j-“)2 

and 
A = g/h . 

1 , 
The values of p, A, and (n-2) are used to determine a value D from Table F.7.1, at the (1 - y,I 
confidence. Table F.7.1 covers the range of 0.5 i A 2 1.5; then 

C’ = D*g . 

If A is outside the range of 0.5 to 1.5, then use l/A, p, and (n-2) to determine D; then 

C’ = D-h . 

In Table F.7.1, the values for D have been derived by evaluating the double integral given in footnote 
110 and are essentially identical to the D values given in Table 3 of footnote 110. Table F.7.1 
covers the same range for (n-21, p, A as the footnote, and also includes a 0.99 confidence (not 
included in the footnoted table). Table F.7.1 is provided for users who may not have access to 
footnote 110 and who may wish to impose a more restrictive confidence criteria. 
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Once these values have been determined, the linear regression, klxl, and the LTB should be 
graphically depicted for future reference. The LTB is the USL for the maximum allowable keff, k,, as a 
function of the independent variable, as shown in Figure F.7.1. For application, a calculated k,, plus 
two standard deviations shall lie below the USL line, keff, k,, + 2~ < USL. 

This statistical method for code validation allows the USL to be established such that there is a high 
degree of confidence that a calculated result that satisfies the acceptance criteria is indeed 
subcritical. Although a margin of subcriticality is not determined by the technique, a margin can be 
defined as the difference between the (1 -yl) confidence on the linear regression for a single future 
calculation and the USL. The (1 -yl) confidence on a single future calculation is determined by 

w(x) = r(l-yl)sp 1 + + + 

(Xj-X)2 ~ 

~(X j _X)2 
, where 

‘<1 -Y1> 
is from the student-t distribution at the (1 -y,) confidence and (n-2) degrees of 

freedom, and 
sP is the pooled standard deviation previously determined. 

Since w(x) is a curvilinear function, and it is desirable to have a constant width margin, the 
expression is evaluated at x, = a and x, = b (the lowest and highest values, respectively, of the 
independent variable). The larger of the two is the constant W, to be deducted from the linear 
regression, kfxl, to provide a uniform width confidence band for a single future calculation. The 
margin of subcriticality is the difference between the uniform width confidence band for a single 
future calculation and the USL, or 

margin of subcriticality = [k(x) - WI - [k(x) - Cs,] 
= c-s, - w . 

Figure F.7.1 graphically depicts typical results of the single-sided, uniform-width, closed-interval, LTB 
technique for code validation. Since the calculational bias has been accounted for in the linear 
regression, it is not uniquely determined. Numerically, the average calculational bias at any point 
within the areas of applicability is the difference between the linear regression k(x) and unity. 
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Table F.7.1. Calculated D Values 

(1 -y,) = 0.99 
A 

(n-2) JQl 0.5 0.6 0.7.70.91.0 1.1 1.2 1.3 1.4 1.5 
4 .O 9.44 7.89 6.91 6.34 5.78 5.50 5.22 5.08 4.94 4.87 4.80 
4 .l 9.44 7.89 6.91 6.20 5.78 5.50 5.22 5.08 4.94 4.80 4.80 
4 .3 9.44 7.89 6.91 6.20 5.78 5.50 5.22 5.08 4.94 4.80 4.80 
4 .5 9.16 7.75 6.91 6.20 5.64 5.36 5.08 4.94 4.87 4.80 4.80 
4 .7 9.16 7.75 6.77 6.06 5.50 5.22 5.08 4.94 4.80 4.80 4.66 
4 .9 9.16 7.75 6.63 5.92 5.36 5.08 4.80 4.73 4.66 4.66 4.66 
6 .O 7.47 6.20 5.50 4.94 4.52 4.23 4.09 3.95 3.88 3.81 3.81 
6 .l 7.47 6.20 5.50 4.94 4.52 4.23 4.09 3.95 3.88 3.81 3.81 
6 .3 7.47 6.20 5.50 4.94 4.52 4.23 4.09 3.95 3.88 3.81 3.81 
6 .5 7.47 6.20 5.43 4.87 4.52 4.23 4.02 3.95 3.81 3.81 3.74 
6 .7 7.47 6.20 5.36 4.80 4.38 4.16 3.95 3.88 3.81 3.74 3.74 
6 .9 7.47 6.20 5.36 4.66 4.23 3.95 3.81 3.81 3.74 3.74 3.74 
8 .O 6.77 5.64 4.94 4.38 4.02 3.81 3.67 3.53 3.46 3.46 3.39 
8 .l 6.77 5.64 4.94 4.38 4.02 3.81 3.67 3.53 3.46 3.46 3.39 
8 .3 6.77 5.64 4.87 4.38 4.02 3.81 3.67 3.53 3.46 3.46 3.39 

8 .5 6.77 5.64 4.87 4.38 4.02 3.74 3.60 3.53 3.46 3.39 3.39 
8 .7 6.77 5.64 4.80 4.30 3.95 3.74 3.53 3.46 3.43 3.39 3.39 
8 .9 6.77 5.64 4.80 4.23 3.81 3.60 3.46 3.39 3.39 3.39 3.39 
10 .O 6.34 5.36 4.59 4.09 3.81 3.57 3.43 3.32 3.25 3.25 3.18 
10 .l 6.34 5.36 4.59 4.09 3.81 3.57 3.43 3.32 3.25 3.25 3.18 
10 .3 6.34 5.29 4.59 4.09 3.78 3.53 3.39 3.32 3.25 3.25 3.18 
10 .5 6.34 5.29 4.59 4.09 3.74 3.53 3.39 3.32 3.25 3.21 3.18 
10 .7 6.34 5.29 4.59 4.02 3.71 3.46 3.32 3.25 3.25 3.18 3.18 
10 .9 6.34 5.29 4.52 4.02 3.60 3.39 3.25 3.18 3.18 3.18 3.18 
12 .O 6.06 5.08 4.45 3.95 3.64 3.43 3.29 3.18 3.14 3.11 3.11 
12 .l 6.06 5.08 4.45 3.95 3.64 3.43 3.29 3.18 3.14 3.11 3.11 
12 .3 6.06 5.08 4.45 3.95 3.60 3.39 3.25 3.18 3.11 3.11 3.07 
12 .5 6.06 5.08 4.38 3.95 3.60 3.39 3.25 3.18 3.11 3.11 3.07 
12 .7 6.06 5.08 4.38 3.88 3.57 3.32 3.21 3.14 3.11 3.07 3.07 
12 .9 6.06 5.08 4.38 3.81 3.46 3.25 3.14 3.11 3.04 3.04 3.04 
14 .O 5.92 4.94 4.30 3.81 3.53 3.32 3.18 3.11 3.04 3.04 3.00 
14 .l 5.92 4.94 4.30 3.81 3.53 3.32 3.18 3.11 3.04 3.04 3.00 
14 .3 5.92 4.94 4.30 3.81 3.53 3.32 3.18 3.11 3.04 3.04 3.00 
14 .5 5.92 4.94 4.30 3.81 3.50 3.29 3.18 3.07 3.04 3.00 3.00 
14 .7 5.92 4.94 4.30 3.81 3.46 3.25 3.11 3.04 3.04 3.00 2.97 
14 .9 5.92 4.94 4.23 3.74 3.39 3.18 3.04 3.00 2.97 2.97 2.97 
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Table F.7.1 (cont.) 

(1 - YJ = 0.99 (cont.) 
A 

(n-2) M. 0.5 0.60.70.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 
16 .O 5.85 4.87 4.23 3.74 3.46 3.25 3.11 3.04 2.97 2.97 2.93 
16 .l 5.85 4.87 4.23 3.74 3.46 3.25 3.11 3.04 2.97 2.97 2.93 
16 .3 5.85 4.87 4.23 3.74 3.46 3.25 3.11 3.04 2.97 2.97 2.93 
16 .5 5.85 4.87 4.23 3.74 3.43 3.21 3.11 3.04 2.97 2.97 2.93 
16 .7 5.85 4.87 4.16 3.74 3.39 3.18 3.04 3.00 2.97 2.93 2.93 
16 .9 5.85 4.87 4.16 3.67 3.32 3.11 3.00 2.97 2.93 2.93 2.90 
20 .O 5.71 4.73 4.09 3.67 3.36 3.14 3.04 2.93 2.90 2.86 2.86 
20 .l 5.71 4.73 4.09 3.67 3.36 3.14 3.04 2.93 2.90 2.86 2.86 
20 .3 5.71 4.73 4.09 3.64 3.32 3.14 3.00 2.93 2.90 2.86 2.86 
20 .5 5.71 4.73 4.09 3.64 3.32 3.11 3.00 2.93 2.90 2.86 2.86 
20 .7 5.71 4.73 4.09 3.60 3.29 3.11 2.97 2.90 2.86 2.86 2.86 
20 .9 5.71 4.73 4.09 3.57 3.25 3.04 2.90 2.86 2.86 2.83 2.83 
24 .O 5.57 4.66 4.02 3.60 3.29 3.07 2.97 2.90 2.83 2.83 2.83 
24 .l 5.57 4.66 4.02 3.60 3.29 3.07 2.97 2.90 2.83 2.83 2.83 
24 .3 5.57 4.66 4.02 3.60 3.29 3.07 2.97 2.90 2.83 2.83 2.83 
24 .5 5.57 4.66 4.02 3.57 3.25 3.07 2.93 2.86 2.83 2.83 2.79 
24 .7 5.57 4.66 4.02 3.53 3.25 3.04 2.93 2.86 2.83 2.83 2.79 
24 .9 5.57 4.66 4.02 3.53 3.18 2.97 2.86 2.83 2.79 2.79 2.79 
30 .O 5.50 4.59 3.95 3.53 3.21 3.04 2.90 2.83 2.79 2.76 2.76 
30 .l 5.50 4.59 3.95 3.53 3.21 3.04 2.90 2.83 2.79 2.76 2.76 
30 .3 5.50 4.59 3.95 3.53 3.21 3.04 2.90 2.83 2.79 2.76 2.76 
30 .5 5.50 4.59 3.95 3.50 3.21 3.00 2.90 2.83 2.79 2.76 2.76 
30 .7 5.50 4.59 3.95 3.46 3.18 2.97 2.86 2.79 2.76 2.76 2.76 
30 .9 5.50 4.59 3.95 3.46 3.11 2.90 2.83 2.76 2.76 2.76 2.76 
40 .O 5.43 4.52 3.88 3.46 3.14 2.97 2.86 2.79 2.76 2.72 2.72 
40 .l 5.43 4.52 3.88 3.46 3.14 2.97 2.86 2.79 2.76 2.72 2.72 
40 .3 5.43 4.52 3.88 3.46 3.14 2.97 2.86 2.79 2.76 2.72 2.72 
40 .5 5.43 4.52 3.88 3.46 3.14 2.97 2.83 2.76 2.72 2.72 2.72 
40 .7 5.43 4.52 3.88 3.43 3.11 2.93 2.83 2.76 2.72 2.72 2.72 
40 .9 5.43 4.52 3.88 3.39 3.04 2.86 2.76 2.72 2.72 2.69 2.69 
50 .O 5.36 4.45 3.85 3.39 3.11 2.93 2.83 2.76 2.72 2.69 2.69 
50 .l 5.36 4.45 3.85 3.39 3.11 2.93 2.83 2.76 2.72 2.69 2.69 
50 .3 5.36 4.45 3.85 3.39 3.11 2.93 2.83 2.76 2.72 2.69 2.69 
50 .5 5.36 4.45 3.85 3.39 3.11 2.93 2.79 2.76 2.72 2.69 2.69 
50 .7 5.36 4.45 3.81 3.39 3.07 2.90 2.79 2.72 2.69 2.69 2.69 
50 .9 5.36 4.45 3.81 3.36 3.04 2.83 2.72 2.69 2.69 2.69 2.69 
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Table F.7.1 (cont.) 

(1 - yl) = 0.95 

A 

m lQl 0.5 0.6 0.7 0.8 0.9.91.11.2 1.3 1.4 1.5 
4 .O 5.68 4.81 4.25 3.85 3.58 3.39 3.23 3.13 3.04 2.99 2.93 
4 .l 5.68 4.80 4.23 3.85 3.58 3.37 3.23 3.13 3.04 2.99 2.93 
4 .3 5.64 4.80 4.23 3.83 3.57 3.36 3.21 3.11 3.04 2.97 2.91 
4 .5 5.64 4.76 4.18 3.78 3.51 3.32 3.16 3.07 2.99 2.93 2.90 
4 .7 5.61 4.71 4.11 3.71 3.43 3.23 3.09 3.00 2.93 2.88 2.86 
4 .9 5.57 4.66 4.01 3.57 3.25 3.07 2.95 2.88 2.83 2.81 2.79 
6 .O 4.94 4.18 3.67 3.34 3.09 2.92 2.79 2.71 2.63 2.58 2.55 
6 .l 4.94 4.18 3.67 3.34 3.09 2.92 2.79 2.71 2.63 2.58 2.55 
6 .3 4.94 4.16 3.67 3.32 3.07 2.90 2.78 2.69 2.62 2.57 2.55 
6 .5 4.94 4.15 3.64 3.29 3.04 2.86 2.74 2.65 2.60 2.55 2.53 
6 .7 4.90 4.13 3.58 3.21 2.97 2.79 2.69 2.60 2.55 2.51 2.49 
6 .9 4.90 4.09 3.51 3.13 2.85 2.67 2.57 2.51 2.48 2.46 2.46 
8 .O 4.64 3.92 3.44 3.11 2.88 2.72 2.60 2.52 2.46 2.42 2.39 
8 .l 4.64 3.92 3.44 3.11 2.88 2.72 2.60 2.52 2.46 2.42 2.39 
8 .3 4.64 3.92 3.43 3.09 2.86 2.71 2.59 2.51 2.45 2.41 2.38 
8 .5 4.62 3.90 3.41 3.07 2.83 2.67 2.56 2.48 2.42 2.39 2.36 
8 .7 4.62 3.87 3.36 3.02 2.78 2.62 2.51 2.44 2.39 2.36 2.34 
8 .9 4.62 3.85 3.30 2.93 2.67 2.51 2.42 2.36 2.34 2.32 2.31 
10 .O 4.48 3.78 3.30 2.99 2.77 2.61 2.49 2.42 2.36 2.32 2.29 
10 .l 4.48 3.78 3.30 2.99 2.76 2.61 2.49 2.42 2.36 2.32 2.29 
10 .3 4.48 3.76 3.29 2.97 2.75 2.60 2.49 2.41 2.35 2.32 2.28 
10 .5 4.46 3.76 3.27 2.95 2.72 2.56 2.46 2.39 2.34 2.30 2.27 
10 .7 4.46 3.74 3.23 2.90 2.67 2.52 2.42 2.34 2.30 2.27 2.26 
10 .9 4.45 3.71 3.20 2.83 2.58 2.42 2.33 2.27 2.25 2.24 2.23 
12 .O 4.38 3.69 3.21 2.91 2.69 2.54 2.43 2.35 2.30 2.27 2.24 
12 .l 4.38 3.68 3.21 2.91 2.69 2.54 2.43 2.35 2.30 2.27 2.24 
12 .3 4.38 3.67 3.21 2.90 2.68 2.53 2.42 2.34 2.29 2.26 2.23 
12 .5 4.38 3.67 3.20 2.87 2.65 2.50 2.40 2.33 2.27 2.24 2.22 
12 .7 4.36 3.65 3.16 2.83 2.61 2.46 2.35 2.29 2.25 2.22 2.20 
12 .9 4.36 3.64 3.13 2.76 2.51 2.36 2.27 2.22 2.20 2.19 2.19 
14 .O 4.30 3.62 3.16 2.85 2.64 2.49 2.39 2.31 2.26 2.22 2.20 
14 .l 4.30 3.62 3.16 2.85 2.64 2.49 2.39 2.31 2.26 2.22 2.20 
14 .3 4.30 3.62 3.15 2.85 2.63 2.48 2.38 2.30 2.25 2.21 2.20 
14 .5 4.30 3.60 3.14 2.82 2.61 2.46 2.35 2.28 2.23 2.20 2.18 
14 .7 4.29 3.58 3.11 2.78 2.56 2.42 2.32 2.25 2.20 2.18 2.17 
14 .9 4.29 3.58 3.07 2.71 2.48 2.32 2.23 2.19 2.16 2.15 2.15 
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Table F.7.1 (cont.1 

(1 -Y,) = 0.95 (cont.) 
A 

(n-2) JQL 0.5 0.6 0.7 0.8 0.91.01.11.21.3 1.4 1.5 
16 .O 4.25 3.57 3.13 2.81 2.61 2.46 2.35 2.28 2.23 2.20 2.17 

16 .l 4.25 3.57 3.12 2.81 2.60 2.46 2.35 2.28 2.23 2.20 2.17 

16 .3 4.25 3.57 3.11 2.80 2.59 2.45 2.34 2.27 2.22 2.19 2.16 

16 .5 4.25 3.56 3.09 2.78 2.57 2.42 2.32 2.26 2.20 2.18 2.15 

16 .7 4.23 3.55 3.07 2.75 2.53 2.38 2.28 2.22 2.18 2.15 2.14 

16 .9 4.23 3.53 3.04 2.69 2.44 2.29 2.20 2.16 2.13 2.13 2.13 

20 .O 4.18 3.51 3.07 2.76 2.56 2.42 2.31 2.24 2.19 2.15 2.13 
20 .l 4.18 3.51 3.06 2.76 2.56 2.41 2.31 2.24 2.19 2.15 2.13 
20 .3 4.18 3.50 3.06 2.75 2.55 2.40 2.30 2.23 2.18 2.14 2.13 

20 .5 4.18 3.50 3.04 2.73 2.52 2.38 2.28 2.21 2.17 2.13 2.12 
20 .7 4.16 3.49 3.02 2.70 2.49 2.34 2.24 2.18 2.14 2.12 2.11 

20 .9 4.16 3.48 2.99 2.63 2.41 2.26 2.17 2.13 2.10 2.09 2.09 
24 .O 4.13 3.47 3.02 2.72 2.52 2.38 2.28 2.21 2.16 2.13 2.11 
24 .l 4.13 3.47 3.02 2.72 2.52 2.38 2.28 2.20 2.16 2.13 2.10 

24 .3 4.13 3.46 3.02 2.72 2.51 2.37 2.27 2.20 2.15 2.12 2.10 
24 .5 4.13 3.46 3.00 2.71 2.49 2.35 2.25 2.19 2.14 2.11 2.09 
24 .7 4.13 3.44 2.99 2.67 2.45 2.31 2.21 2.15 2.12 2.09 2.08 
24 .9 4.13 3.44 2.95 2.61 2.37 2.23 2.14 2.10 2.08 2.07 2.06 
30 .O 4.09 3.43 2.99 2.70 2.49 2.35 2.25 2.18 2.13 2.10 2.08 

30 .l 4.09 3.43 2.99 2.70 2.49 2.35 2.25 2.18 2.13 2.10 2.08 

30 .3 4.09 3.43 2.99 2.69 2.49 2.34 2.24 2.18 2.13 2.10 2.07 
30 .5 4.09 3.43 2.97 2.67 2.46 2.32 2.22 2.16 2.12 2.09 2.06 
30 .7 4.09 3.41 2.95 2.63 2.42 2.28 2.19 2.13 2.09 2.07 2.05 
30 .9 4.08 3.41 2.92 2.58 2.34 2.20 2.12 2.07 2.05 2.05 2.05 
40 .O 4.04 3.39 2.95 2.66 2.46 2.32 2.22 2.15 2.11 2.07 2.05 
40 .l 4.04 3.39 2.95 2.66 2.46 2.32 2.22 2.15 2.11 2.07 2.05 
40 .3 4.04 3.39 2.95 2.65 2.45 2.31 2.21 2.15 2.10 2.07 2.05 
40 .5 4.04 3.38 2.93 2.63 2.43 2.29 2.20 2.13 2.09 2.06 2.05 
40 .7 4.04 3.37 2.92 2.61 2.40 2.26 2.16 2.11 2.07 2.05 2.04 
40 .9 4.04 3.37 2.89 2.55 2.32 2.18 2.10 2.05 2.04 2.03 2.02 
50 .O 4.02 3.37 2.93 2.64 2.44 2.30 2.20 2.14 2.09 2.06 2.04 
50 .l 4.02 3.37 2.93 2.64 2.44 2.30 2.20 2.14 2.09 2.06 2.04 
50 .3 4.02 3.36 2.92 2.63 2.43 2.29 2.20 2.13 2.09 2.05 2.04 
50 .5 4.02 3.36 2.92 2.62 2.42 2.27 2.18 2.12 2.07 2.05 2.03 
50 .7 4.02 3.36 2.90 2.59 2.38 2.24 2.15 2.09 2.05 2.03 2.02 
50 .9 4.02 3.35 2.87 2.54 2.31 2.16 2.08 2.04 2.02 2.01 2.01 
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Table F-7.1 (cont.) 

(1 - yJ = 0.90 
A 

(n-2) lel 0.5 0.6 0.7 0.8 0.91.01.11.21.31.41.5 

4 .O 4.38 3.74 3.32 3.03 2.82 2.66 2.55 2.46 2.39 2.34 2.30 

4 .l 4.38 3.74 3.32 3.02 2.81 2.66 2.55 2.46 2.39 2.34 2.30 

4 .3 4.38 3.72 3.30 3.00 2.79 2.64 2.53 2.44 2.37 2.32 2.28 

4 .5 4.34 3.69 3.26 2.96 2.75 2.60 2.49 2.41 2.34 2.29 2.26 

4 .7 4.30 3.64 3.20 2.89 2.67 2.52 2.42 2.34 2.28 2.25 2.21 

4 .9 4.27 3.58 3.09 2.76 2.53 2.38 2.28 2.23 2.19 2.17 2.16 

6 .O 3.95 3.37 2.99 2.71 2.52 2.38 2.28 2.20 2.14 2.10 2.06 

6 .l 3.95 3.37 2.98 2.71 2.52 2.38 2.28 2.20 2.14 2.10 2.06 

6 .3 3.94 3.36 2.97 2.70 2.50 2.37 2.27 2.19 2.13 2.09 2.05 

6 .5 3.94 3.33 2.93 2.66 2.47 2.33 2.23 2.16 2.10 2.06 2.03 

6 .7 3.91 3.29 2.88 2.60 2.41 2.27 2.18 2.11 2.06 2.02 2.00 

6 .9 3.88 3.25 2.80 2.49 2.29 2.15 2.07 2.02 1.98 1.97 1.96 

8 .O 3.77 3.21 2.83 2.57 2.40 2.26 2.16 2.09 2.04 1.99 1.96 

8 .l 3.77 3.21 2.83 2.57 2.39 2.26 2.16 2.09 2.03 1.99 1.96 

8 .3 3.76 3.19 2.82 2.56 2.38 2.25 2.15 2.08 2.02 1.98 1.95 

8 .5 3.75 3.17 2.79 2.53 2.34 2.21 2.12 2.05 2.00 1.96 1.93 

8 .7 3.73 3.14 2.74 2.48 2.29 2.16 2.07 2.00 1.96 1.93 1.91 

8 .9 3.72 3.11 2.68 2.38 2.18 2.05 1.97 1.92 1.90 1.88 1.87 

10 .O 3.66 3.11 2.75 2.50 2.32 2.20 2.10 2.03 1.98 1.93 1.90 

10 .l 3.66 3.11 2.75 2.49 2.32 2.19 2.10 2.02 1.97 1.93 1.90 

10 .3 3.65 3.10 2.73 2.49 2.31 2.18 2.09 2.02 1.96 1.92 1.89 

10 .5 3.65 3.08 2.71 2.45 2.27 2.15 2.05 1.99 1.94 1.91 1.88 

10 .7 3.64 3.06 2.67 2.41 2.22 2.10 2.01 1.95 1.91 1.87 1.85 

10 .9 3.63 3.02 2.61 2.32 2.13 2.00 1.92 1.87 1.84 1.83 1.82 
12 .O 3.60 3.05 2.69 2.45 2.27 2.15 2.05 1.98 1.93 1.90 1.87 
12 .l 3.60 3.05 2.69 2.45 2.27 2.15 2.05 1.98 1.93 1.89 1.86 

12 .3 3.59 3.04 2.68 2.43 2.26 2.13 2.04 1.98 1.92 1.88 1.86 
12 .5 3.58 3.02 2.66 2.41 2.23 2.11 2.02 1.95 1.90 1.87 1.84 
12 .7 3.58 3.00 2.62 2.36 2.18 2.06 1.97 1.91 1.87 1.84 1.82 
12 .9 3.57 2.98 2.56 2.27 2.09 1.96 1.88 1.83 1.81 1.80 1.79 
14 .O 3.55 3.01 2.65 2.42 2.24 2.12 2.03 1.96 1.91 1.87 1.84 
14 .l 3.55 3.01 2.65 2.41 2.24 2.12 2.02 1.96 1.91 1.87 1.84 
14 .3 3.55 3.00 2.64 2.40 2.23 2.10 2.02 1.94 1.90 1.86 1.83 
14 .5 3.54 2.99 2.62 2.37 2.20 2.08 1.99 1.92 1.87 1.84 1.82 
14 .7 3.53 2.96 2.58 2.33 2.15 2.03 1.94 1.88 1.84 1.81 1.80 
14 .9 3.52 2.94 2.53 2.25 2.06 1.94 1.86 1.81 1.79 1.77 1.77 
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Table F.7.1 (cont.) 

(1 - Y,l = 0.90 (cont.) 
A 

(n-2) kt 0.5 0.6 0.7 0.8 0.91.01.11.21.31.41.5 

16 .O 3.51 2.98 2.63 2.39 2.22 2.09 2.01 1.94 1.89 1.85 1.82 

16 .l 3.51 2.98 2.63 2.39 2.22 2.09 2.00 1.94 1.88 1.85 1.82 

16 .3 3.51 2.97 2.62 2.38 2.20 2.08 1.99 1.93 1.87 1.84 1.81 

16 .5 3.50 2.96 2.59 2.35 2.18 2.05 1.97 1.91 1.86 1.82 1.80 

16 .7 3.50 2.93 2.56 2.31 2.13 2.01 1.92 1.87 1.83 1.80 1.78 

16 .9 3.50 2.92 2.51 2.23 2.04 1.92 1.84 1.80 1.77 1.76 1.75 

20 .O 3.47 2.94 2.59 2.35 2.19 2.06 1.98 1.91 1.86 1.82 1.80 

20 .l 3.47 2.93 2.59 2.35 2.19 2.06 1.98 1.91 1.86 1.82 1.79 

20 .3 3.47 2.93 2.58 2.34 2.17 2.05 1.96 1.90 1.85 1.81 1.79 

20 .5 3.46 2.92 2.56 2.31 2.15 2.03 1.94 1.88 1.83 1.80 1.77 

20 .7 3.45 2.90 2.52 2.27 2.10 1.98 1.90 1.84 1.80 1.77 1.76 

20 .9 3.45 2.88 2.48 2.20 2.01 1.89 1.82 1.77 1.75 1.73 1.71 

24 .O 3.44 2.91 2.56 2.33 2.16 2.05 1.96 1.89 1.84 1.80 1.78 

24 .l 3.44 2.91 2.56 2.33 2.16 2.05 1.95 1.89 1.84 1.80 1.78 

24 .3 3.43 2.90 2.56 2.32 2.15 2.03 1.94 1.88 1.83 1.80 1.77 

24 .5 3.43 2.89 2.53 2.29 2.13 2.01 1.92 1.86 1.81 1.78 1.76 

24 .7 3.43 2.87 2.50 2.25 2.08 1.96 1.88 1.82 1.78 1.76 1.74 

24 .9 3.43 2.85 2.46 2.18 1.99 1.87 1.80 1.76 1.73 1.72 1.72 

30 .O 3.41 2.88 2.54 2.31 2.14 2.02 1.94 1.87 1.82 1.79 1.76 

30 .l 3.41 2.88 2.54 2.31 2.14 2.02 1.94 1.87 1.82 1.79 1.76 

30 .3 3.41 2.88 2.53 2.30 2.13 2.01 1.93 1.86 1.81 1.78 1.75 

30 .5 3.40 2.86 2.51 2.27 2.11 1.99 1.91 1.84 1.80 1.76 1.74 

30 .7 3.40 2.85 2.48 2.23 2.06 1.94 1.87 1.81 1.77 1.74 1.73 

30 .9 3.39 2.83 2.43 2.16 1.98 1.86 1.79 1.74 1.72 1.71 1.70 

40 .O 3.38 2.85 2.52 2.28 2.13 2.01 1.92 1.85 1.80 1.77 1.74 

40 .l 3.38 2.85 2.52 2.28 2.12 2.01 1.92 1.85 1.80 1.77 1.74 

40 .3 3.38 2.85 2.51 2.27 2.11 1.99 1.91 1.84 1.80 1.76 1.74 
40 .5 3.37 2.84 2.49 2.25 2.09 1.97 1.89 1.83 1.78 1.75 1.73 
40 .7 3.37 2.82 2.46 2.21 2.05 1.93 1.85 1.79 1.75 1.73 1.71 
40 .9 3.36 2.81 2.42 2.14 1.96 1.84 1.77 1.73 1.70 1.69 1.69 
50 .O 3.36 2.85 2.50 2.27 2.11 1.99 1.91 1.84 1.80 1.76 1.73 
50 .l 3.36 2.84 2.50 2.27 2.11 1.99 1.91 1.84 1.80 1.76 1.73 
50 .3 3.36 2.84 2.49 2.26 2.10 1.98 1.90 1.83 1.79 1.75 1.73 
50 .5 3.36 2.83 2.48 2.24 2.08 1.96 1.87 1.81 1.77 1.74 1.72 
50 .7 3.36 2.81 2.45 2.20 2.03 1.92 1.84 1.78 1.74 1.72 1.70 
50 .9 3.36 2.79 2.41 2.13 1.95 1.83 1.76 1.72 1.69 1.69 1.68 



DOE G 421.1-l 
8-25-99 191 

1.0 

$ 
F 
Y 
kk 
W 
I 

Y 

A% CALCULATJONAL 81~ 
k(x)-b+_b_i~vvvv 

_vvv-- vvvv-- 
- v,v I - 

I 
I I 

I 

1 

f 

J 

FUTURE SJNGLE 
CALCULATION 

CONFIDENCE BAND 

t 
(I- y ) CONFIDENCE FOR_A_s_IE-L_E ~~~~~~ ~&~!&%~ 

__vvvvv---- 
_____vv-v- 

~vWRGIN OF 
SUBCRITICALITY 

RANGE OF APPLlCABlLtTY b 

Figure F.7.1. Typical results for the single-sided, uniform-width, closed-interval, LTB technique. 
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As an example of this technique, assume that 29 critical experiments have been modeled and 
calculated. The calculated k,, standard deviation, and average energy group causing fission (the 
independent variable, x) are shown in Table F.7.2. 

Table F.7.2. Input Data for Example Problem 

k eff u AEG 

0.99647 0.00337 
0.99776 0.00326 
1.00764 0.00311 
0.99587 0.00365 
0.99744 0.00327 
1.00337 0.00335 
0.99609 0.00395 
1 .00108 0.00378 
0.99737 0.00325 
0.98408 0.00342 
0.98871 0.00361 
0.99527 0.00292 
0.98804 0.00273 
1 .01363 0.00401 
1 .01660 0.00445 
1.00874 0.00485 
1.01190 0.00479 
1.00980 0.00498 
1.00565 0.00397 
1 .01929 0.00407 
1.00860 0.00411 
0.99487 0.00462 
0.99257 0.00382 
1 .00132 0.00450 
0.99154 0.00420 
1.00028 0.00374 
0.99565 0.00413 
0.98574 0.00415 
0.98733 0.00416 

14.82 
14.81 
14.83 
14.44 
14.28 
14.84 
14.73 
15.08 
15.20 
15.31 
15.26 
15.50 
15.49 
14.36 
14.36 
14.36 
14.38 
14.35 
14.10 
14.12 
14.10 
15.04 
14.90 
14.90 
14.90 
15.43 
15.44 
15.43 
15.43 

Table F.7.3 summarizes the various terms calculated to establish the USL and margin of 
subcriticality, with p = 0.999 and a = 0.95. From these results, the USL is defined by the straight 
line USL = 1.1900 - 0.0153 x, and is statistically valid only between the range of AEG from 14.10 
to 15.50. Any calculated k, + 2a that is below the USL is adequately subcritical, with a margin of 
subcriticality of at least 0.02. 
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Table F.7.3. Calculated Terms for Example Problem 

n 
linear regression, k(x) 
minimum value of x, a 
maximum value of x, b 
average x (AEG), x 

- 
average keV, k 

2 
variance of fit, skJ 

2 
within variance, s 

W 

2 
pooled variance, s 

P 
pooled standard deviation, s, 
zp @ P = 0.999 
x2 @ (n-21, (l-v,) 
9 
h 
P 
A 
D 
c’ 
c 
c-s, 
LTB = USL 
student-t @ (n-2) (l-y,) 
W(max. at x=a and x=b) 

minimum margin of 
subcriticality, c’s,-w 

“Read as 3.8260 x 10“. 

Figure F.7.2 provides a plot of the resultant single-sided, uniform-width, closed-interval, lower 
tolerance band technique developed from the example. 

There may be valid reasons to reduce the USL. There are many factors that may both change the 
AEG and affect other parameters as well in a multiplying manner. For example, suppose very low 
temperatures cannot be ruled out for the application in question. Low temperatures will increase the 
AEG and can also increase density. Therefore cold increases reactivity by increasing density, may 
change the AEG to be outside the range of applicability of critical experiments, and decreases the 
margin of safety. 

= 29 
= 1.2266 - 0.015295 x 
= 14.10 
= 15.50 
= 14.8341 

= 0.99975 

= 3.8260-05” 

= 1.5304-05 

= 5.3564-05 
= 7.3187-03 
= 3.090 
= 14.57 
= 0.3497 
= 0.3266 
= -0.3951 
= 1.0705 
= 2.274 (interpolated from Table C-l) 
= 0.79525 
= 4.9973 
= 0.0366 
= 1.1900 - 0.015295 x 
= 1.703 
= 0.0132 

= 0.0234 
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Figure F.7.2. Example results for the single-sided, uniform-width, closed-interval, LTB technique. 
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